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This thesis studies the influence that submicrometric alumina particles (α-Al2O3) and 
milled carbon fibres (MCFs) have on the microstructure, hardness, mechanical 
properties, and wear of aluminium and copper matrices.  The direct use of particulates 
(micrometric and nanometric scale) and carbon fibres (continuous and chopped) as 
reinforcement materials in Al-based and Cu-based alloys can potentially result in 
significant improvements in their property compared to existing Al-based and Cu-
based alloys. In this research, dual phase and hybrid (three-phase) composites were 
manufactured by introducing hard ceramic particles (α-Al2O3) and recycled MCFs (< 
100 µm long) into Al and Cu matrices. An advanced powder metallurgy processing 
method was also developed to prepare precursor powder blends for consolidation by 
uniaxial hot pressing, after which their performance was investigated and compared. 
This research is divided into, (i) the preparation of precursor composite powders using 
the magnetically Uniball controlled milling technique, (ii) a synthesis of monolithic 
aluminium and copper composites using the uniaxial hot pressing technique, (iii) 
advanced characterisation X-ray diffractometry, field emission scanning electron 
microscopy (FSEM) equipped with energy dispersive spectroscopy (EDS), 
Archimedes density, electrical conductivity, resistivity, universal compression testing, 
Vickers micro-hardness, Ultra-micro indentation testing (UMIS), and wear testing. All 
the mechanical testing and wear testing of monolithic products was carried out at 
ambient temperature and atmosphere. 
Unreinforced Al, unreinforced Cu, and the composites were synthesised via advanced 
magnetic controlled milling followed by uniaxial hot pressing. Reinforcement 
materials of submicrometric scale α-Al2O3 particles and MCFs in their different 
volume fractions were added separately and together to study their effects on the 
mechanical behaviour and properties of the Al and Cu matrices. The composites 
consist of : Al + (2, 4, 7, 10 vol. % α-Al2O3), Al + (5, 10, 15, 20 vol. % MCFs), hybrid 
composite of (Al+ 5 vol. % α-Al2O3) + (5, 10, 15, 20 vol. % MCFs), Cu + (5, 10, 15, 
20 vol. % α-Al2O3), Cu + (5, 10, 15, 20 vol. % MCFs), and hybrid composites of (Cu 
+ 10 vol. % α-Al2O3) + (5, 10, 15, 20 vol. % MCFs). The elemental powders of 
matrices and reinforcement materials were weighed according to the selected amounts 
and then charged to the Uniball mill with stearic acid (2 wt. %) added to stop the 
particles of powder from becoming agglomerated and cold welding. The milling 
 
 
parameters were optimised to ensure the α-Al2O3 particles and MCFs were mixed 
homogenously along the Al and Cu matrices. Different milling times were also 
investigated to determine how the milling time affected on the final properties of Al-
based and Cu-based composites. The submicrometric particles of α-Al2O3 and MCFs 
had dispersed uniformly into the Al and Cu matrices for the precursor powders after 
50 hours of milling. Uniaxial hot pressing was used to ensure the Al and Cu composites 
were completely dense. The selected consolidation temperatures were close to the 
melting points of the Al and Cu matrices. The Al-based composites were hot pressed 
for 15 minutes whereas the Cu-based composites were consolidated for 60 minutes. 
These parameters resulted in composites with more than 99 % and 95 % of the 
theoretical density for Al-based Cu-based composites respectively. 
These research outcomes were interpreted in the light of structural defects and 
strengthening mechanisms induced a controlled magneto milling technique with hard 
ceramic particles of α-Al2O3, and/or MCFs phase with a high aspect ratio. Additional 
effects included the dispersion of milling impurities, and the effects of oxygen 
introduced during the milling, and after uniaxial hot pressing. Correlations between 
the microstructure and mechanical properties were obtained as functions of the 
quantities of α-Al2O3 and MCFs in the multiphase and hybrid composites. The 
magnetically controlled milling by the Uniball mill resulted in a uniform distribution 
of α-Al2O3 and MCFs along the Al and Cu matrices, an acceleration of Al and Cu 
particles fracturing, and accumulated strain hardening by the Al and Cu matrices. 
Furthermore, it was found that segregation and clustering mainly at the grain 
boundaries increased as the milling time increased.  The properties of these composites 
were enhanced by adding submicrometric α-Al2O3 particles and MCFs to the Al and 
Cu matrices. The Vickers microhardness, the ultimate compression strength, the yield 
strength, Young’s modulus of elasticity, wear resistance, electrical conductivity, and 
resistivity of the monolithic products increased as the amount of    α-Al2O3 and MCFs 
increased. The mechanical properties and wear resistance of the Al-based and Cu-
based hybrid composites showed more improvement than the multiphase composites 
and unreinforced matrices, and moreover, the rate abrasive wear was related to 
amounts of particulates and MCFs and their distribution along the Al and Cu matrices. 
The Al and Cu based hybrid composites had better wear resistance than the dual phase 
composites and unreinforced matrices due to the dual effect of hard α-Al2O3 particles 
 
 
and MCFs. The strength and Young’s modulus of these composites increased 
noticeably compared to unreinforced Al and Cu samples, although their ductility 
decreased as the amounts of the reinforcement materials increased. 
Finally, the submicrometric α-Al2O3 particles and MCFs proved to be better 
reinforcement than traditional micrometric or nanometric particles with regards to the 
improved strength, ductility, and wear resistance of the composite. The production 
route via advanced milling that were developed directly for metal (Cu or Al) reinforced 
with both α-Al2O3 particles and MCFs has not been reported elsewhere. This technique 
was used to fabricate powder metallurgy Al-based and Cu-based MMCs with 
consistent mechanical properties and improved wear resistance. It has been suggested 
that a combination of this magnetically controlled milling technique followed by 
uniaxial hot pressing would result in good quality Al-based and Cu-based composites 
for the automobile industry and for spot welding electrodes. The use of submicrometric 
α-Al2O3 particles and MCFs as reinforcement materials, stearic acid as process control 
agent, and a combination of Uniball milling and uniaxial hot pressing improved the 
wettability and dispersion of α-Al2O3 particles and MCFs along the Al and Cu 
matrices. Finally, the short processing time with very fast heating and cooling rates 
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Chapter 1: Introduction and Literature survey 
1.1 Introduction  
In recent years, composites have been used in aerospace industry, electronics, 
ceramics, biotechnology, nanotechnology, as high-temperature materials for industrial 
applications, and in the automobile industries. Composites are manufactured with 
processing methods that suit the technological demand of a particular industry; for 
instance, heat generated within electronics can be overcome by developing new heat 
sink materials, and unlike steel and other alloys. Metal matrix composites (MMCs) can 
potentially be used as structural materials due to their high strength and temperature 
resistance and their lightweight. Since, MMCs are promising materials for these 
applications. The main reason for using MMCs manufactured from micro and 
nanopowders is to benefit from their enhanced mechanical and physical properties. 
The mechanical and physical characteristics of nanomaterials have increased 
considerably due to a reduction in the size of the precursor material to a nanometre 
scale. For example, diffusivity increases when the particle size decreases to a nano 
scale, while other characteristics of materials such as strength, specific heat, electrical 
properties, conductivity, and resistivity may be enhanced.  
MMCs can withstand higher loads and tensile tensions because the applied load is 
shared by the matrix and the reinforcement phase. Some applications include electrical 
and magnetic applications, high sensitivity sensors, hydrogen storage, biotechnology, 
semi-conducting properties, kinematic energy penetrators, high-energy density 
batteries, satellite manufacturing, heavy-duty medical implants, large electrochromic 
display devices, as well as the aircraft, defence, and automobile industries. The main 
problems with MMCs are their manufacture and synthesis for industrial use and 
application, but there are also problems concerning their characterization and the 
manufacture of dense products with high-purity. MMCs are manufactured by solid-
state processing (powder metallurgy) and liquid-state processing (casting methods), 
both of which have advantages and disadvantages, powder metallurgy methods are the 
most commonly used in the synthesis of MMCs.  
The main problems with processing and manufacturing nanomaterials of nanoscale 
size is the higher specific surface area causes the particles of the powder to react 
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strongly, which results in aggregation and agglomeration problems. Moreover, 
processing at higher temperatures may cause faster grain growth in the powder 
particles, which may change the characteristics of the materials. Therefore, controlling 
the microstructure during processing and consolidation is an important issue in 
manufacturing nanomaterials because their unique properties come from their finer 
structure and finer grain size. Another disadvantage with nanomaterials is porosity 
problems that may influence their mechanical properties. This issue can be resolved 
if, the nonporous materials are produced via an electrodeposition method but 
contamination issues that may adversely impact the mechanical properties. 
Nanomaterials have a large number of grain boundaries compared to other 
microstructures, but this is an essential feature in controlling the mechanical properties 
because the interface plays a major role in controlling the material properties. 
Recent developments in the field of Al-based and Cu-based metal matrix composites 
have brought out their tremendous potential based on the development of 
manufacturing techniques and their specific applications. Their superior physical and 
mechanical properties, including an extraordinary strength to mass ratio, makes them 
particularly applicable for the automobile and aerospace industries due to their need 
for lightweight materials. Several techniques have been used to produce components 
with features that suit the needs of the commercial market.  
While Al and Cu matrices can be reinforced with micro or nanoparticles of different 
shapes and sizes to improve their properties and microstructures, these composites are 
difficult to manufacture due to the need for a uniform distribution and interface 
connectivity for different volume fractions of reinforcement. This because the strength 
of these composites depends mainly on the distance between the reinforcement 
materials. The relationship between the particle size (d), the volume fraction of the 
reinforcement particles (fν) and the inter-particle spacing (λ) is expressed in Eq. (1.1), 
where it is assumed that equal particle size and uniform distribution with cubic 
morphology will be used. It is a guideline for changing the inter-particle spacing by 
using a different volume fraction and a combination of different size distribution. 
Figure 1-1 shows the development of modern materials and the growth of MMCs in 
industrial applications due to their high modulus and strength [1–3].  
 














dλ                                                                                                            (1.1) 
 
 
Figure 1-1.The development curve of the market for modern materials showing the growth 
of MMCs. 
 
Metal matrix composites consist of a soft metal matrix such as Al, Cu, Mg, Co, and 
Fe, and dispersed ceramic particulates such as oxides, carbides, and borides. Some 
MMCs are consist of a continuous or discontinuous fibrous phase of reinforced fibres 
such as carbon fibres, alumina fibres, and silicon carbide fibres, or a pure metal phase 
such as Pb, W, and Ti. Of all these metallic matrices, the Al matrix is best due to its 
lightweight, environmental protection, lower melting point for processing, and its 
improved mechanical properties. An Al matrix reinforced with hard ceramic 
particulates produce composites with tailored properties for specific applications and 
demands. These materials also have enhanced forming capability with excellent wear 
resistance, which means some are used in high-temperature applications for heat sink 
materials (e.g., Cu matrix reinforced Al2O3 particles) [4].   
Despite the enormous progress made with composite materials in recent decades, new 
and better materials are still needed for these applications. Composite materials used 
mainly for heat sinks in electronics are derived from the Al-SiC family, so far these 
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in heat sinking, but the increasing property requirements means these materials are not 
suitable for the near future, so alternative materials are needed. Some promising 
materials combine a ceramic particulate reinforcement phase embedded in a metallic 
matrix are being developed. Finely divided ceramic reinforcements are easy to handle 
and shape, unlike those formed by continuous fibres or lamellae materials.  
Some of the most remarkable achievements in materials science and technology now 
come from new materials that can act as heat sinks for the electronics industry. 
Traditional heat sinks were made from solid materials such as Al or Cu, but they do 
not have the combination of properties needed for current demands in electronics. This 
is why advanced composite materials that meet the stringent requirements of high 
thermal conductivity with suitable coefficient of thermal expansion are being used. 
Earlier work on Al and Cu based composites was based mainly on dispersion 
strengthening alloy of ceramic particulates with large particle sizes to a few microns 
with lower volume fractions. This because particles larger than 1.5 µm might increase 
the inter-particle spacing in the composite and eventually have an adverse effect on its 
strength; moreover, larger particles also act as the micro-concentrators of stress which 
causes cleavage failure in the particles. A medium particle size between (0.2-1.5) µm 
may lead to the formation of cavities and pits due to lack of interphase cohesion in the 
composite. These problems inspired researchers to investigate the effect of particles 
that less than 200 nm because they tend to bond to the matrix without creating or 
initiating cavities in these composites, however, these composites were produced with 
less ceramic particulates.  
The main objective of this thesis is to produce Al and Cu based MMCs reinforced with 
submicrometric α-Al2O3 particles and MCFs (short or chopped carbon fibres). The Al 
and Cu-based composites and nanocomposites have specific structural applications to 
the aircraft, military, automotive, and civil industries because of their unique 
properties, particularly their high strength and wear resistance. Aluminium based 
composites have been used for wear resistant parts in automotive engines where the 
cylinder blocks, pistons, and rings are the main parts subjected to adhesive wear. These 
composites are produced via advanced powder technology where the fine α-Al2O3 
particles and MCFs are distributed homogenously. These binary and hybrid 
composites are produced via a relatively simple, inexpensive, and time-saving 
technique using powder metallurgy methods. The magnetic control Uniball milling 
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technique followed by uniaxial hot-pressing consolidation was used to produce a 
reasonably homogenous distribution of reinforcing α-Al2O3 particles and MCFs. The 
magnetic control Uniball mill is used for milling and blending to prepare the precursor 
powders. Apparently, if the ceramic phase fails due to clustering, there may be a 
catastrophic and dangerous failure of the materials, so a lot of attention was given to 
ensure the reinforcement materials were distributed homogenously throughout the 
metal matrix. The physical and mechanical properties will be estimated to evaluate the 
degree of improvement within different volume fractions of the reinforcement phase.  
1.2 Scope of this thesis  
In terms of scope, this thesis is divided into four chapters. It consists of an introduction 
and motivation for the research area, a literature surveys that covers the essential 
problems, processing methods, and recent published work in the field of Al and Cu 
based MMCs reinforcement with α-Al2O3 particles and short carbon fibres. The 
structure of this thesis is as follows: 
 
Chapter 1: this chapter presents an introduction and literature surveys on composites 
in general and metal matrix composites in specific. The first chapter is a brief 
introduction with some discussion on the importance and motivation of the research 
field and its application in general. A survey of recent research includes a literature 
survey of recent research into the field of Al and Cu based MMCs reinforced with α-
Al2O3 and carbon fibres. This chapter will also overview the main methods for 
manufacturing MMCs.  A summary of all the literature related to the current research 
is listed at the end of this chapter. 
 
Chapter 2: this chapter describes the techniques and procedures for preparing the 
precursor composite powders used to fabricate the monolithic Al and Cu based MMCs, 
as well as a brief demonstration of these methods and facilities. The preliminary and 
optimised method for manufacturing composites is also discussed. This chapter also 
demonstrates the experimental techniques by commencing with the properties of the 
starting materials and ending with wear testing.  These techniques and testing 
procedures include the preparation of composite powders and selected compositional 
mixtures, details and parameters of the Uniball milling technique, the consolidation of 
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powder composites into solid compacts, density measurement, Vickers microhardness, 
estimation of electrical conductivity and resistivity, a structural analysis using optical 
microscopy, scanning electron microscopy (SEM), and transmission electron 
microscopy (TEM), universal compression testing, ultramicro indentation testing and 
parameters, and pin on drum wear testing and parameters. 
 
Chapter 3: this chapter summarises the starting materials used in this thesis, as well 
as X-ray diffractometry, SEM characterisation of Al, Cu, Al2O3, and MCFs starting 
materials were shown. This chapter is divided into two main headings, one for Al-
based composites and one for Cu-based composites. The results and discussion of the 
production and synthesis of Al-Al2O3, Al-MCFs, and Al-Al2O3-MCFs, Cu-Al2O3, Cu-
MCFS, and Cu-Al2O3-MCFs composites powders are related to the milling times and 
volume fractions of reinforcement materials. The physical and mechanical testing 
results and discussion are also related to the milling times and volume fractions of 
reinforcement materials, and include an improvement in the properties due to the 
strengthening mechanisms. The results of pin on drum abrasion wear testing are 
presented graphically to show the specific wear rates and volume loss, while the SEM 
images show the worn surfaces and wear debris. Some worn surfaces were analysed 
using a 3D laser microscope, particularly the Al and Cu based hybrid composites.  
 
Chapter 4: this chapter is divided into a conclusion and recommendations for future 
work. General conclusions from the six types of Al and Cu based composites are listed 
and focus on the most important improvements and findings in these composites. 
Because the research of Al and Cu based composites is extensive, some 
recommendations and suggestions for future work are summarised in a separate 
section.  
 
The final pages of this thesis contain a bibliography written in the IEEE style of 
numbering system, as well as appendices related to all the extra images, photos of 
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1.3 Composites 
Composite material consists of two or more phases combined physically and 
chemically to realise new properties with a homogenous microstructure that differ 
from the properties individual materials. This means that a composite has a matrix 
phase (base material with larger volume fraction) and reinforcement phases (additive 
materials with lower volume fraction). Since the matrix is the most important material, 
it might be polymer, metal, and ceramics, whereas the reinforcement might be 
continuous or discontinuous fibres, or particulate, where nanoscale or microscale 
reinforcements are added to improve the electrical, thermal, physical, chemical, wear, 
corrosion, magnetic, and mechanical properties. Composite that has two reinforcement 
phases are called hybrid composite, examples include carbon fibres and SiC particles 
reinforced Al alloys composites, and WC matrix reinforced with cobalt particles for 
the cutting tools. Composites are classified based on their matrix and reinforcement, 
they include included metal matrix composites (MMCs), polymer matrix composites 
(FRP), particulate reinforcement composites or ceramic matrix (CMC), metal matrix 
nanocomposites (MMNCs) glass matrix composites (FRG), intermetallic compound 
matrix composites (IMC), and carbon fibres reinforced carbon (C-C composites). Only 
MMCs will discussed in this survey, based on the research field [3,5–7].  
1.4 Metal Matrix Composites (MMCs) 
Metal matrix composites consist of a metal matrix phase reinforced with fibrous or 
particulate (metallic or non-metallic) phases in micro or nano size. The matrix in 
MMCs may be pure metal or an alloy.  MMCs are attractive new materials that find 
their potential in high-temperature applications, aerospace and automotive industries 
where they have found extraordinary improvement in the United States of America, 
Japan and European countries to cover the gap of suitable materials for such 
applications [8]. MMCs have properties such as damping capacity, wear resistance, 
lower thermal expansion, and high temperature capabilities where the focus is on 
improving the lighter metals with a uniform microstructure using different 
reinforcement materials. MMCs are strengthened by the by plastic deformation that 
occurs within MMCs reinforced with micro or nano particles via powder metallurgy 
processing. Figure 1-2 shows the four main subgroups of MMCs, including 
particulates reinforced MMCs, discontinuous fibres (short fibres or Whiskers) 
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reinforced MMCs, continuous fibres reinforced MMCs, and laminate or layer 
reinforced MMCs. The main characteristics of these MMCs include their high strength 
and elasticity, high fracture toughness and impact resistance, higher thermal 
conductivity, excellent wear resistance, lower thermal expansion coefficient for a 
specific application, and high electrical conductivity and resistivity [5,7,9,10].  
 
Figure 1-2 Types of metal matrix composites [10]. 
1.4.1 Matrix selection 
The matrix phase is the predominant and higher volume fraction of composites because 
it is the base or background through which the reinforcement phase is uniformly 
dispersed; it is usually a soft metal with a higher tensile strength, higher shear modulus, 
moisture resistance, lower thermal expansion, higher ductility, higher toughness, and 
stable dimensions. Most commonly used matrices in MMCs include Al, Cu, Ni, Mg, 
Zn, Ti, Pb, Ag, and Ti, of which the Al and Cu are widely used and investigated due 
to their unique properties that include corrosion resistance, reasonable mechanical 
characteristics, light weight, high thermal conductivity, lower melting point, and cost-
effective manufacturing. Moreover, Al and Cu are suitable matrices for a variety of 
reinforcements such as continuous fibres (e.g., graphite fibres and carbon fibres), short 
fibres and whiskers, and particulates (e.g., Al2O3 and SiC). 
Monofilaments Particulates Laminates 
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1.4.2 Reinforcement selection  
Reinforcement materials improve the mechanical and thermal properties of composites 
(i.e., they increase the modulus, strength, wear resistance, temperature resistance, 
hardness, compressive strength, thermal stability, and stiffness). The reinforcement 
phase can be fibres or particles of different sizes, shapes, and volume fractions, fibres 
could be continuous or discontinuous (short fibres, whiskers, milled fibres) and the 
particles could be used in micro or nano sizes. The reinforcement is related to the 
aforementioned properties of the composites and the feasibility of interface bonding 
and dispersion within the matrix phase. Short fibres and particulates can be produced 
by inexpensive manufacturing techniques and they can achieve isotropic properties.  
1.4.3 Particulate reinforced MMCs (PRMMCs) 
Metal matrix composites reinforced with particulates have attracted a lot of research 
for a wide range of industrial potentials, with the focus being on Al, Cu, and their 
alloys. Different materials are used as reinforcement particles for Al and Cu matrices, 
the most common of which include Al2O3, SiC, B4C, SiO2, TiC, SiC, AlN, BN, CuO, 
WC, TiB2, ZrO2, graphite, and graphene. The properties and processing of these 
materials are investigated using different processing methods, volume fractions, 
particle sizes and morphologies, wettability, chemical reaction, and strengthening 
mechanisms. The particles are either diffused or distributed uniformly in the matrix 
phase such that both phases can be physically and chemically distinguished. Moreover, 
these particles can also be added to the matrix phase or formed in situ via a chemical 
replacement reaction between the metal matrix and metal oxide reaction. The main 
purpose of particulate reinforcement is to improve the stiffness, hardness, strength, and 
modulus low density with a lower cost of manufacturing. Several types of particulates 
used in MMCs, including their important properties are listed in Appendix E. More 
has been given to reinforce metal matrix composites or nanocomposites with 
particulates because they combine the lightweight, ductility, and toughness of the 
matrix with the strength and hardness of the reinforcement. These reinforcements 
strengthen the matrix without dissolving or becoming coarse at a higher temperature. 
The strengthening mechanisms that operate depend on the size, shape, and volume 
fraction of the reinforcement particles. The fact that the particulates reinforced MMCs 
is used with standard secondary processing methods is a distinct advantage, especially 
for possible future price reductions. For example, Al2O3 particles are used to reinforce 
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Al and its alloys due to the excellent oxidation resistance, chemical stability, and the 
inertness of Al2O3, alumina is also very stable at high temperatures, so it will not 
degrade or dissolve in the matrix [6,10,11]. 
1.4.4 Short fibres reinforced MMCs 
MMCs reinforced with short fibres have attracted significant research and 
development over the last two decades for aluminium composites pistons in an 
automobile engine. These reinforcements have a significant effect on the mechanical 
properties of the composite. These short fibres typically have a diameter smaller than 
10 µm and are several hundred microns in long, which means the aspect ratio fibres in 
MMCs is between 100 and 3, depending on the method of manufacture and its 
parameters. Short fibres offer a combination of properties and processability because 
they can be produced by liquid processing and PM methods. The strength and 
strengthening effect of short fibres has been analysed by micromechanical theory and 
a shear-leg model that can analyse the strength in relation to length, diameter, 
orientation, and volume fraction of short fibres. Several of the types of fibres used in 
MMCs with their important properties are shown in Appendix E [10].  
1.5 Young’s Modulus and law of mixture model 
The main reason for developing light metal composite materials is to increase the 
modulus of elasticity (Young’s modulus), which can be estimated by the law mixture 
model. If the composites reinforced with particles, as shown in Figure 1-3, are 
subjected to an applied stress (𝜎a), the total integral stress on the composites can be 
given in Eq. (1.2), and then from this equation, other properties can be calculated from 
this equation. The models used universally have the following linear and inverse 





c                                                                                              (1.2) 
Eq. (1.2) is reduced to Eq. (1.3),    
 
mmppc EEE                                                                                                    (1.3) 
where, Ep, Em, νp, and νm are the modulus and volume fractions of the reinforcement 
and matrix respectively. Since Young’s modulus of a composite can be calculated by 
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the rule of a mixture of long-fibre-reinforced material, this rule of the mixture is also 
applied in the case of whiskers to estimate the change of modulus, reinforcements are 
usually added to improve the stiffness of the material, but this is not the main concern 
with ceramic matrix composites. However, because it is hard to achieve full density, 
there may be some decrease depending on the level of porosity.  
 
Figure 1-3. Composite model of fibres embedded in the matrix under external load [11]. 
1.6 Strengthening mechanisms of particulate MMCs 
Several mechanisms work together to improve the mechanical properties and 
strengthen of MMCs, they can be classified as direct and indirect strengthening. 
Strengthening is achieved mainly by generating microstructural defects and 
dislocations in solid state processing via thermal and allotropic misfit, lattice parameter 
misfit, strain misfit, and elastic inhomogeneity misfit. The direct strengthening 
mechanism of particle and short fibre reinforced MMCs is, similar to the mechanism 
of MMCs reinforced by continuous fibres where the load applied onto the composite 
is transferred from the weak matrix across the interface to the hard particle phase or 
short fibres. This means the reinforcement carries most of the applied load, but because 
the lower aspect ratio of short fibres and particles, is not efficient, it is still enough to 
provide strengthening [13].  
In MMCs, the high variation in the coefficient of thermal expansion between the 
matrix and hard ceramic particles or short fibre reinforcement phases can cause a 
higher thermal mismatch, and this difference can cause dislocations to form at the 
interface between the matrix and reinforcement. In this case, thermally induced 
𝜎𝑓 = 𝐸𝑓𝜈𝑓 
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dislocation holes can cause an indirect strengthening mechanism of the matrix, 
however, thermally induced dislocations that form after quenching the matrix 
materials can act like a heterogeneous nucleation location where precipitates are 
created with a desirable distribution. Moreover, this higher dislocation density can 
accelerate the ageing time and indirect-strengthening is increased by increasing the 
volume fraction or decreasing the particle size of the reinforcement materials due to 
the higher interfacial area that facilitates the creation of dislocation [6,14]. The 
strengthening mechanisms include, load transfer effect, Hall-Petch strengthening, 
Orowan strengthening, coefficient of thermal expansion (CTE), and elastic moduli 
mismatch (EM). 
The Shear-Leg model predicts the degree of strengthening by load transfer from the 
matrix to the particles (∆𝜎LT) in particles reinforced MMCs, as expressed by Eq. (1.4), 
by taking in consideration the effect of volume fraction of particles (𝜈p) and matrix 




                                                                                                        (1.4) 
Hall-Petch strengthening model (∆𝜎H-P) as expressed in Eq. (1.5), considered the grain 
size strengthening (d). Grain boundaries of the particles can prevent dislocation 




PH                                                                                                                  (1.5) 
where, Ky is the strengthening coefficient (constant for each material). 
The particles act as pinning locations to prevent the growth of matrix grain boundaries, 
and therefore, the final grain size of the metal matrix is a function of the particulates. 
Increasing the volume fraction (νp) and decreasing the particle size (dp) results in finer 










                                                                                                                (1.6) 
where α is a proportional constant.  
The Orowan mechanism of strengthening (∆𝜎OR) is the effect the particles have on 
dislocation where the ceramic particles hinder dislocations by inducing them to curve 
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around the particles in Orowan loops under external load. The mathematical 































                                                                                 (1.7) 
where,  b is the Burger’s vector and G is the shear modulus of the matrix.  
The influence of EM and CTE effects appear during heat treatment and post processing 
cooling by the formation of geometrically necessary dislocations (GNDs). The 
dislocation density due to a CTE ( CTA ) and EM ( EM ) mismatch is expressed by     Eq. 




















                                                                                                            (1.9) 
where A = geometric constant, ∆α is the variation in CTE, and ∆T variation in heat 
treatment temperatures. Total strengthening due to CTE and EM  mismatch can be 
expressed by the Taylor equation, Eq. (1.10) [14]. 
)(3 EMCTEEMCTE bG                                                                   (1.10) 
where β is constant.  
Total strengthening effect of the composites ( C  )can be expressed by Z. Zhang and 














 5.01                                                                  (1.11) 





















25.1                                                   (1.12) 
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                                                          (1.13) 
 
1.7 Processing methods of MMCs 
Various manufacturing techniques have recently been developed for the synthesis and 
production of Al and Cu based composites. The principle methods can be categorised 
as liquid state and solid state methods. More than one method was used to enhance the 
results, but the primary focusing was to provide a commercial, cost-effective, and 
efficient processing method where the properties can be modified. Examples of liquid 
state methods include; infiltration of performs (e.g., SiC whiskers, Al2O3 fibres in Al 
alloys, C/Al and Mg alloys), diffusion bonding (e.g., SiC long fibres in Ti3Al), 
dispersion (e.g., ceramics dispersoids molten metal), semisolid processing (e.g. 
reheocasting and thixoforming), spraying (e.g., SiC, and Al2O3 in Al alloy), in-situ 
processing (e.g. TiB2 particles in Al alloy), solidification and internal oxidation (e.g. 
Al2O3 and SiO2 particulates in Cu and Ag matrix). Examples of solid-state methods 
include; powder metallurgy (e.g., WC particles in Co), mechanical alloying (e.g., 
ODS-alloys), extrusion, drawing, rolling, forging, HP, HIP, and CIP. These methods 
have advantages and disadvantages that are limited by demands and properties of the 
final product. Some methods for manufacturing MMCs will be discussed in the 
following sections [21–24]. 
1.7.1 Liquid-based processing methods  
1.7.1.1 Infiltration  
Liquid metal is infiltrated into the porous preform containing the reinforcement phase 
to produce MMCs by using the differential pressure to melt matrix. The application of 
vacuum and pressure is a function of the type of reinforcement and its volume fraction. 
Various infiltration techniques are used to manufacture MMCs reinforced with up to 
70 % volume fraction, usually need lubrication to improve the integrity of the final 
product. While the final product might have some porosity and regions with 
reinforcement aggregate, this technique is still widely used to manufacture Al based 
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composites. Figure 1-4 shows a schematic representation of the basic principles of 
infiltration methods that used to manufacture MMCs, but these pressure infiltration 
methods do have different configurations. The principal befits of infiltration 
processing include a reduction in the chemical interaction in the matrix-reinforcement 
interphase, improved microstructures, and  minimum microstructural defect, various 
reinforcement materials could use this technique, and possibly near-net-shape 
production [6,25]. 
 
Figure 1-4. Schematic diagrams of the basic principles of infiltration processes for MMCs 
(a) vacuum infiltration, and (b) pressure infiltration [24]. 
 
1.7.1.2 Stir Casting method 
Stir casting is a widely used method for producing of particulate and fibres reinforced 
MMCs, and the improvement on this method is called vortex or slurry casting. Figure 
1-5 shows a schematic illustration of a simplified stir casting technique. Some stir 
casting uses ultrasonic stirring for superior results. The reinforcement materials are 
added to the molten metal at almost the same temperature and then mixed entirely to 
stop the particles or fibres from agglomeration. The mixing arm is then removed, and 
the mixture is allowed to solidify to room temperature in the crucible or casted into 
another die with specific dimensions. Note that the addition of reinforcement materials 
to the molten metal could increase the viscosity of the melt, this increase of viscosity 
is a function of the reinforcement volume fraction and can cause mixing difficulties. 
The final product might have an inhomogeneous microstructure due to the segregation 




































Figure 1-5. Schematic diagram of the principle stir-casting process [28]. 
 
1.7.1.3 Squeeze Casting  
Squeeze casting is a metal forming process where the liquid metal is placed into an 
extrusion die and then pressed at high pressure to produce near-net-shape products 
after rapid solidification. Squeeze casting processes used in manufacturing is either, 
direct and indirect. Figure 1-6 is a schematic representation of simple squeeze casting 
processes. In direct squeeze casting, the infiltration pressure is applied directly to the 
melt to fill the preform whereas in the indirect method, the melt is loaded into the die 
using a small shooting piston and pressure is transmitted to the melt through a runner 
system [6,28].  
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1.7.1.4 XD process (Martin Marietta’s process) 
This exothermic dispersion process includes an in-situ reinforcement phase or ceramic 
particles with an exothermic chemical reaction between the molten metal and solvent 
material. Although a wide range of ceramics produced with this process, much more 
attention has been given to Al reinforced with in-situ particles of TiC and TiB2.  The 
chemical reaction of these composites is given in Eq. (1.14) and Eq. (1.15). The 
resulting particles are single crystal and free of surface oxides, that may result in better 
diffusion between these particles and the matrix in the consolidated product. The size 
of the reinforcing particles can be controlled by monitoring the reaction parameters 
such as the temperature and gas atmosphere [24].  
2B + Ti + Al → TiB2 + Al                                                                                            (1.14) 
C + Ti + Al → TiC + Al                                                                                               (1.15) 
 
1.7.2 Solid based processing (Powder Metallurgy)  
Powder metallurgy (PM) consists of mixing elemental materials (pure metal or alloy) 
powders with reinforcing materials (particles or fibres) followed by cold pressing and 
sintering. PM processes are usually carried out at a lower temperature and with 
minimum interaction between the matrix and reinforcement materials. Composites 
with a superior microstructure and mechanical properties can achieved by the uniform 
distribution of reinforcement phases within the matrix phase, although the use of short 
fibres or whiskers may require fine particles to improve the dispersion and packing of 
the microstructure. PM methods include, mixing, milling, UHP, CIP, HIP, and 
pressureless sintering [29]. 
1.7.2.1 Blending and milling  
Milling consists of reducing the particles size, as well as mixing or blending, and 
particle shaping.  Milling also includes breaking up coarse particles into fine particles, 
so it is usually used to prepare materials for industrial applications such as milling talc 
to produce body powder and milling iron ore to manufacture steel. Ball milling is a 
standard technique for particle size reduction in PM, essentially, milling prepares 
materials with enhanced properties, and it prompts the formation of new phases or new 
materials from the starting materials. The induced reaction during milling to form new 
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materials is called high-energy milling or the mechanical alloying (MA). This is why, 
MA and milling using ball mills or rod mills is a powerful technique for advanced 
materials manufacturing (e.g., nanocrystalline, quasicrystals, amorphous materials, 
intermetallics,  and composites) [30]. Milling equipment used for mixing and MA in 
PM are discussed in Section 1.8. 
1.7.2.2 Cold pressing and sintering 
The blended powder is pressed into a green body with the required dimensions and is 
then strong enough for further handling and processing. Relatively high pressure is 
needed to create strong and dense compacts.   The powder mixture can be mixed with 
a suitable lubricant or binder (organic material) to facilitate pressing. The binder 
material disappeares during sintering and heat treatment, so all that remains are traces 
of carbon, that are maintained at a minimum level. The application of uniform isostatic 
pressure produces compacts with a homogeneous density distribution.  
The green compact sintered at a high temperature to burn out the binder and 
consolidate it to a full density. During sintering, the compact is subjected to shrinkage 
that may cause cracking and hydrostatic stresses. These defects may also result from 
differences in the CTE of the matrix and reinforcement materials. In some cases, with 
more than 15 vol. % of short fibres, the bridging phenomenon may predominate as a 
result of network formation, this is one of the limitation of sintering composites 
reinforced with short or long fibres. As a results, the aspect ratio of the fibres must be 
considered because the higher the aspect ratio, the lower density of the composite, but 
after sintering, extrusion, injection moulding, and forging can be used to further 
improve the properties and microstructure of the composites [31]. 
Sintering where powder particles are transformed into a monolithic compact at a 
temperature below the melting point, about (0.8 Tm), during which, the particles are 
bonded together by diffusion mechanisms, mass transport, and thermal activation 
processes. The higher temperature accelerates sintering and shortens the time for bonds 
to form. Thermodynamic theory states that, the driving force behind sintering is the 
minimisation of the free surface energy of the particle agglomerate (∆Gsurface < 0). 
There are four stages in sintering, preliminary particle bonding, the formation of neck 
between particles, a reduction in the size of pores and further grain growth, and finally 
pores collapsing and grain boundaries developing between particles in the necked 
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regions. Figure 1-7 shows the four stages, which appear during conventional sintering. 
Looking at an assembly of three grains without a liquid phase (Figure 1-7), the possible 
sintering mechanisms include, (i) volume diffusion or the migration of vacancies, (ii) 
diffusion of the grain boundary, (iii) surface diffusion, (iv) viscous or plastic flow 
caused by surface tension and internal stresses, and (v) the evaporation and 
condensation of atoms on the surfaces. When sintering with a transient liquid phase, 
the mechanisms might be (i) an initial heterogeneous powder compact, (ii) one 
component melts and infiltrates the narrow gaps between solid particles, leaving large 
pores behind, and (iii) alloying takes place between the liquid and solid phase, and the 
liquid phase gradually disappears again [31].   
 
 
Figure 1-7. The sintering mechanisms in an assortment of three particles [31]. 
1.7.2.3 Hot pressing (HP), CIP, and HIP, 
The MMCs are produced using relatively high pressure and temperature. The final 
product will be almost full density, free of porosity, with a fine-grained microstructure, 
and near net shape. The pressure applied may be either uniaxial (HP technique), 
isostatic pressure (HIP technique), and cold isostatic pressure (CIP technique). The 
composites produced by these methods are good quality and with enhanced properties, 
although there may be some inhomogeneity during the premixing that will result in a 
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Figure 1-8 is a schematic representation of these techniques in PM. The HP and CIP 
techniques are usually followed by sintering to achieve a finer microstructure and 




Figure 1-8. A schematic diagram of HP, CIP, HIP, and sintering [6,25]. 
 
1.7.2.4 Displacement reaction  
The displacement reaction during high-energy milling is widely used as a solid-state 
synthesis for manufacturing nanocrystalline materials and reinforced MMCs. The 
mechanical activation of a displacement reaction as expressed in Eq. (1.16) includes 
mixing and milling the metal oxide with a strong reducing metal (reductant).  
MO+ R→ M + RO                                                                                                   (1.16) 
here RO is the metal oxide reduced by a highly reactive metal (R) to form pure metal 
or a solid solution of two metals. This method of processing leads to a possibile in situ 
dispersion of nano particles within the matrix at room temperature, and the 
nanoparticles may have a uniform morphology and nanostructure with improved size 
distribution. Powders of many metals have been produced by this process, including 
Hot Isostatic Pressing  
(HIP) 
Cold Isostatic Pressing 
 (CIP) 
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Cu, Al, Fe, Zr, W, Ni, and Cd. Examples of the mechanochemical synthesis of Al and 
Cu based MMCs reinforced with Al2O3 particles are shown in Eq. (1.17) and Eq. 
(1.18). This method has also been used to produce alloys from their elemental 
materials [32–34]. 
3CuO + 2Al → Al2O3 + 3Cu                                                                                              (1.17) 
6CuO + 24Al → Al2O3 + 22Al + 3Cu2O                                                                           1.18) 
 
1.7.2.5 Extrusion method 
Various methods and designs are used to extrude MMCs. Generally, either the powder 
is directly poured into the die followed by pressing and extruding into suitable 
geometry, or the sintered pellet and cans are extruded into their final geometry. 
Lubrication may be needed to facilitate extrusion through the die. Figure 1-9 shows 
three different extrusion processes [29]. 
 
 
Figure 1-9. The extrusion processing method [25]. 
1.7.2.6 Spark plasma sintering (SPS) 
Spark plasma sintering (SPS) is a new method for synthesising and consolidating 
powdered materials at relatively low temperatures and short times by using an electric 
field to charge the particles and generate internal heat. This method is also known as 
an electric current field assisted sintering technique (FAST) or pulse electric current 




Powder cold compaction  
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and final consolidation into monolithic product appears at lower temperatures. This 
process can produce completely dense composites because of the Joule heating 
principle, unlike other methods for processing MMCs. Sintering is very fast due to the 
higher heating and cooling rates of about 1000 °C/min. Figure 1-10 is a schematic 
representation of the SPS processing method. The SPS method includes uniform 
distribution, lower grain growth, a one-step method, high-energy efficiency, and ease 
of operation. The SPS processing consists of resistance heating, pressure application, 
activation of grain boundaries, direct contact between grains and diffusion, pulse 
discharging with low voltage and higher current (3V and > 5 kA) with a pulse of 3.5 
seconds, and sintering is completed in less than 20 minutes [35].  
 
 
Figure 1-10. Spark plasma sintering technique (left) and sintering during SPS (right) [30]. 
 
1.8 Mechanical milling and blending 
Mixing or blending is the process of mixing powders with a blender or mixer. There 
are different styles and systems of mixing based on the design and efficiency of the 
particular device, such as tumbling, shaking, planetary movement, ultrasound, and 
vibrational action, but mixing is only the intermixing of powder particles with no 
change in their properties. Mechanical milling (MM) is an attractive solid-state method 
for synthesising materials because it can produce crystalline and amorphous powders 
with micro and nano sizes [5]. Milling also includes grinding, reducing the particle 
size, and changes in morphology, but with no major changes in the microstructure. 
Unlike milling, advanced high-energy milling (mechanical alloying (MA)) includes 
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the reaction and alloying of powder particles to produce new materials or intermetallic 
phases, whereas the MA leads to refining, plastic deformation, acceleration of mass 
transfer, and mixing components at the atomic level (see Appendix C for various 
applications of MA). Milling can be carried out wet or dry, according to the type of 
powders and milling media. The mechanism of MM and MA includes frequent cold 
joining, rupturing, and re-joining of metallic and non-metallic powder particles via ball 
milling. Milling also includes the dispersion of oxide as a second phase particle, 
composite manufacturing, extending solid solubility limits, the production of 
nanograins and a crystalline phase, developing amorphous phases, and also disturbing 
ordered intermetallics [36–47].  
Approximately 1000 particles or 0.2 mg of powder is trapped between two colliding 
balls and the kinetic energy of the grinding media (balls) is transferred to the powder 
particles, fracturing them into finer sizes. This energy is a function of the mass and 
velocity of the balls. Figure 1-11 shows the mechanism of ball-powder-ball collision 
and the formation of microcrystals in nanometre scale [48]. During milling or MA, 
particles of the ductile metal are flattened, work hardened, cold welded, and heavily 
deformed and fractured, the particles are also welded and converted into a homogenous 
mixture with a layered microstructure that has elemental material weight fractions. 
Continuous milling refines the microstructure due to further welding, particle 
deformation, and a decrease in lamellar spacing. 
 
 
Figure 1-11.Schematic diagram of the mechanism of ball-ball collision during mechanical 
milling and mechanical alloying of ductile- brittle system [43].  
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Primary stage 1: powder A and B are premixed and alloyed together. Transitory stage 
2: powder A is transformed into a lamellar shape and powder B is reduced in size. 
More milling results in powder A being fractured by hard particles of powder B. 
Stationary stage 3: at this stage, either powder B is distributed homogeneously in A or 
B is dispersed uniformly in A within micro or nanostructures [29]. A long milling time 
reduces agglomeration because of the hardness increases, longer milling also activates 
the inter-diffusion reaction between connected particles and the formation of 
mechanically alloyed particles because milling increases the plastic deformation that 
increases the surface to volume ratio. 
During the milling of ductile-brittle system, the ductile particles are flattened as the 
ball collide, and the brittle particles are milled and covered by the ductile particles, 
while further milling results in further refinement of the ductile particles and the 
flattened particles are rolled up with a uniform dispersion of brittle phase. However, 
with immiscible powders, a homogenous dispersoid throughout the metal matrix 
occurs, and with soluble powders, an alloy is obtained. Milling has several advantages 
such as fine powders hazards, but a homogenous dispersion can be obtained by a 
particle size of ≤ 1 µm, a reduction in time, the formation of a solid solution at lower 
temperatures, and the possibility of immiscible solids dispersing [30,42,49]. 
1.8.1 Milling Parameters 
The microstructure, phase distribution, particle size, morphology, and desired 
properties of the final product can be controlled by adapting the parameters that 
influence mechanical milling. These parameters are discussed below. 
1.8.1.1 Raw materials  
The raw material is related to the particle sizes and type of powders, so the particles 
must be between 1 to 2000 mm, and the starting powder should be less than the 
diameter of the ball, the powder type is either brittle or ductile. Various materials can 
be used for milling and MA, such as metals or alloys, refractories, ODS-alloys, 
carbides, nitrides, and ceramics [50,51]. 
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1.8.1.2 Types of milling equipment 
A variety of laboratory and industrial milling equipment for milling and MA, was 
designed as a function of compression, shear, impact, and collision stresses achieved 
during milling. Milling equipment varies according to its efficiency, capacity, cooling 
system, heating system, milling media type (ball, rods), the movement mechanism of 
the milling media, and the amount of contamination. The main types of equipment 
used in mechanical milling and alloying are discussed below [30,42,46,52]. 
1.8.1.2.1 SPEX Grinders  
The SPEX grinders shown in Figure 1-12 are commonly used for milling composite 
powders, reducing hard and brittle powders to fine particles, as well as blending 
powders, MA, and producing suspensions. SPEX mills are effective because a 
laboratory grinder has been used to grind samples ranging from 10 to 20 g. There are 
two main types of SPEX mills: SPEX 8000M and 8000D. The main difference 
between these two mills is the capacity of their vials. An SPEX mill is high-energy 
ball mill because its rotational velocity can reach 1200 rpm. A lot of cooling is needed 
to minimise the rising temperatures during milling because the grinding media collide 
with each other and hit the end of the vial cap (lid) while simultaneously breaking and 
blending the material for homogeneity. Nanomaterial can be produced in a short time 
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1.8.1.2.2 Planetary Mills 
Planetary ball mills are used to prepare bulk powder with an output up to several 
hundred grammes, and they are widely use in industry and laboratory work. This mill 
can be utilised for high-energy, low-energy, and wet and dry milling. The milling 
mechanism results in the balls having a high impact energy of the balls, as well as 
shearing forces between the ball-vial wall, ball-ball collisions, and higher gravitational 
forces. Figure 1-13 shows a laboratory planetary mill with a schematic diagram of the 
ball and bowl movement. The milling containers are larger and have a higher capacity 
than SPEX mills which gives the balls more space inside the vials. The key advantage 
of a planetary mill is the low weight of vials and ease of powder collecting [54,55]. 
 
 
Figure 1-13. Planetary mill (PM 100) (left) and a movement mechanism (right) [50]. 
 
1.8.1.2.3 Attritors 
This high-energy ball mill was developed in the USA and Germany to disperse sulphur 
for rubber vulcanisation. It was used in fields such as chemical production, MA, and 
the pharmaceutical industry. Figure 1-14 shows a schematic representation of an 
attritor ball mill. The milling mechanism is caused by impact balls, balls-vial wall, 
balls-shaft and balls-impellers [36,56]. 
 
Figure 1-14.Schematic diagram of an attritor ball mill [36,56]. 
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1.8.1.2.4 Vibratory mills 
Also known as a high-energy shaker mill that is widely used to manufacture 
amorphous alloys and nanocrystalline materials. The milling container is like a tank 
that oscillates vertically, it can be used for dry or wet milling using balls, rods, and 
cylpebs as milling media. Rods and cylpebs are used for coarse grinding. The critical 
disadvantages of a vibratory mill are the high-temperature rise during milling and its 
lower capacity. Figure 1-15 shows two types (1D and 3D geometry) of vibratory mills 
that have been used by the Van der Waals-Zeeman Laboratory [36].  
 
Figure 1-15. Vibratory ball mills [31]. 
 
 
1.8.1.2.5 Tumbler mill  
Tumble mill used to improve the solid-state reaction during MA by using rods or balls 
as milling media, but it can be also used for low energy milling. The milling 
mechanisms consists of milling media particle collisions, powder loading pressure, 
milling media impact, shear and abrasion forces, and shock waves transmitted while 
the milling media is falling. This mill is inexpensive, cost-effective manufacturing, 
and requires less maintenance than other mills, in fact, this mill has produced 
amorphous compounds with fewer iron impurities, higher homogeneity, and thermal 
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Figure 1-16. A schematic cross-section of a tumbler mill showing the mechanisms of ball 
movement inside the vial [47]. 
 
1.8.1.2.6 Magnetic control Uniball mill 
A magnetic control Uniball mill (used in this thesis) is used for milling powders and 
improved the mechanosynthesis reaction and MA; it is also used to produce black 
powder, nanopowders, nanocomposites, crystalline, amorphous and nanocrystalline 
structures from elemental materials because it eliminates the many limits of 
conventional milling, it can also has generate a predictable variety of new materials. It 
is also a significant improvement over existing milling devices [2]. A Uniball mill is a 
planetary ball mill that consists of a spherical vessel and hard steel balls controlled by 
strong peripheral magnets. Figure 1-17 shows the concept of this type of and the ball 
motions with these magnets. Figure 1-17 shows the main five modes of Uniball 
milling, each of which has a different ball movement geometry that effects the final 
product. A Uniball mill is used for low energy and high energy milling, because the 
balls may be held in the lowest position inside the vessel by decreasing the frequency 
or by increasing the intensity of the magnetic field. However, it does become a low 
energy mode when the balls fluctuate about its equilibrium axis and the powder is 
milled by shearing [48,52,57,58]. 
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Figure 1-17. Modes of milling using a magnetic control Uniball mill [43,47]. 
 
1.8.1.3 Gas milling atmosphere 
The gas-milling atmosphere is a major parameter in milling processes due to the higher 
surface area and reactivity of fine particles. The use of milling atmospheres such as 
H2, N2, and NH3 are considered as reactive milling. Amorphisation can appear due to 
oxygen in the milling vessel. Argon and helium are used to protect the powder from 
contamination and reaction, and they can be used to produce a specific structure or 
control the chemical reaction to avoid a combustion reaction. Hydride and nitrides 
have been produced using of H2, N2, and NH3 gases respectively, and H2 gas can 
control the contamination or the formation of oxides during milling of nanocrystalline 
hydrides for hydrogen storage applications [42]. 
1.8.1.4 Ball to powder mass ratio (BPR) 
The ball to powder mass ratio plays an important role in controlling the structure of 
the final product; and an effective BPR is between 5 and 30. A lower BPR minimises 
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the frequency of collisions whereas a higher BPR reduces the mean free path of 
movement and increases the impact frequency and entire energy consumption per 
second. The rate of amorphisation during low-energy ball milling is increased sharply 
by increasing the BPR as the contamination increasing, but the amorphisation reaction 
can be controlled by BPR, balls-powder collision energy, and particle diffusion. The 
BPR is directly proportional to the amorphisation reaction, where a higher BPR can 
accelerate the chemical reaction due to the higher kinetic energy. The main 
disadvantage of a high BPR is a higher iron contamination during milling. The 
influence of BPR during milling has been investigated over a broad range of BPR from 
1:1 to 220:1 [42,52,59]. 
1.8.1.5 Material of Milling Media 
Milling media (vessels, balls, and rods) have an impact on the milling operations 
because these components are in intimate contact with the powders. This is why the 
materials used for manufacturing these components are selected to suit the appropriate 
type of milling.  
Table 1-1 shows some of the characteristics of materials used for manufacturing the 
milling components, while considering that the milling media materials (balls or rods) 
must be denser and harder than the powder. Higher density materials with large balls 
or rods can have larger impact energy on the powder [42]. 
 
Table 1-1 Properties of some materials used as milling media. 
Substance Main composition Density g/cm3 Abrasion resistance 
Agate ( SiO2) 2.65 Good 
Al2O3 3.95 perfectly good 
ZrO2 5.68 quite good 
Stainless steel (Fe,Cr,Ni) 8.06 fully good 
Tempered steel (Fe,Cr) 7.85 Good 
WC 15.63 Very good 
1.8.1.6 Milling chamber 
Approximately 50 % of the internal volume of the milling chamber should remain 
empty to allow enough space and volume for the ball and powder to move freely. The 
internal volume depends on the design and capacity of the mill, with mills such as 
attritor leaving approximately 20 to 30 % of the chamber empty [42]. 
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1.8.1.7 Milling velocity  
The rotational velocity controls the milling efficiency and the microstructure of the 
final product. Milling velocity relates to the type of mill and its power, but if the 
velocity is higher than the critical speed, the balls remain against the wall, which 
reduces milling efficiency. However, a higher velocity leads to higher intensity and 
higher forces, according to the theory of kinetic energy. Moreover, a higher velocity 
increases the temperature of the chamber and this leads to different results [42]. 
1.8.1.8 Milling time 
Milling time influences the milling process and the evolution of microstructure, so a 
longer milling time can lead to a higher contamination in the final powder, while lower 
milling time may not be enough to achieve the appropriate homogeneity and 
microstructure. Moreover, longer milling times create new phases and microstructures, 
further reduce in the particles sizes and crystallite sizes, and increase the lattice strain 
and lattice defects in the precursor powder and final product [42]. 
1.8.1.9 Milling temperature 
The temperature affects the nanostructure formation due to the diffusion between 
particles. The temperature of the vial, the balls, and the powder particles must be 
considering during milling because a rising temperature affects the phase formation 
and diffusivity. It has been reported that local melting can occur during milling due to 
a rise in system temperature, in fact the temperature of the balls in laboratory mills has 
been recorded as less than 100 °C in a SPEX mill, and the highest temperature attained 
by a small vial was almost 330 °C and speed of 320 rpm. However, the temperature 
may decrease at high speed as the balls stabilise on the wall of the vial for long periods 
of times [42]. 
1.8.1.10 Contamination 
Contaminations are a serious problem in milling because it comes from milling 
components due to the wear of milling equipment, oxidation reactions, and impurities 
in the milling atmosphere. However, iron contamination is the major problem because 
all the milling equipment are made from steel alloys, and the impurities are higher 
during reactive milling than during low energy milling. Several methods are used to 
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reduce the amount of contamination included: using process control agent (PCA), 
milling with a suitable liquid (wet milling), using specific lubricants, pre-milling using 
the base material for a short time to cover the internal surfaces of  the milling 
equipment with the base material [42]. 
1.8.1.11  Amorphisation 
Amorphisation is a result of high-energy milling, because the crystallite size decreases, 
the lattice strain increases, and the crystal defects increases. The amorphisation has 
been investigated using XRD and TEM [42]. 
1.8.1.12  Mechanochemical Equilibrium 
The point of equilibrium during MM and MA is where there is no further reduction in 
particles sizes and further milling causes more particles to be dispersed into the matrix, 
this increases particle size due to particle interaction. Therefore, to characterise the 
mechanism and kinetic of the milling, mathematical model has been suggested to 
analyse the point of equilibrium during milling and the formation of the new surface 
area at steady state [42].  
1.8.1.13  Agglomeration and Aggregation 
Agglomeration and aggregation are common problems in mechanical milling 
particularly with fine and ductile powders. The agglomeration and aggregation of 
particles during MA or MM process is related to the effects of mechanochemistry. This 
mechanism has been discussed since 1940, where the particle size decreases 
significantly during milling and causes an increase in the number of defects in the 
microstructure, thus enhancing the hardness of the particle or resistance to fracture due 
to the dispersion of particulates. An examination of agglomeration and aggregation on 
several solids shows three main mechanisms: Rittinger stage, the aggregation stage, 
and the agglomeration stage. Dispersion continues to increase in the first and second 
stages and the particles stick to each other by low Van der Waals forces, so the 
evolving aggregates can be separated mechanically, whereas in the third stage, 
dispersion gently decreases and stabilisation follows.  Moreover, the surface area of 
the powder decreases due to the increase of particles aggregation and interaction. The 
probable mechanism of agglomeration involves hard connections, interfacial forces, 
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capillary pressure, cohesion / adhesion powers, magnetism, and the formation of 
closed packed connections [42].  
 
1.8.1.14  Process control agent PCA (Surfactants) 
Table 1.2 shows the process control agents that are commonly used in MM and MA 
processes; other materials that used as PCA are shown in Appendix D. The PCA is 
mainly used to avoid aggregation, to stabilise the nanoparticles, and prevent cold 
welding between the particles and milling equipment, but it may be aslo be used as a 
source of carbon or other materials in mechanochemical reaction during high-energy 
milling.  A higher amount of liquid PCA during milling is called wet milling, unlike 
dry milling where no liquid or very little amount is used. 
 
Table 1-2 Commonly used PCA in milling operation and MA process. 
PCA Chemical formula Powder size and shape 
Stearic acid CH3(CH2)16COOH Fine and Flaky 
Methanol CH3OH Medium and Disc 
Oxalic acid (COOH)22H2O Coarse and Equiaxed 
 
 
The wet milling process is also known as cryo-milling because a liquid is used as a 
cooling agent or cryogenic (e.g., milling in the presence of liquid nitrogen), so the 
liquid molecules represented by the adsorbing mechanism on the surfaces of the 
particles reduces their surface energy. Moreover, wet milling increases the rate of 
amorphisation reaction because the PCA (liquid or solids) provide a stearic 
stabilisation by coating the particles to prevent the fine particles from agglomerating 
when the alkyl chains and polar PCA have been equally solubilised. PCA molecules 
have different shapes, which affect the formation of aggregates. The PCA amount is 
between 1 to 7 wt. % of the total powder mass, but the particle size may be reduced by 
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1.9 Wear of MMCs (Abrasive wear) and its mechanisms 
Wear is the loss of materials due to the mechanical forcing and sliding of hard particles 
against a soft solid surface. Several categories of wear mechanisms exist in tribological 
systems, adhesive, abrasive, corrosive, and erosive wear. Figure 1-18 shows a 
schematic representation of adhesive and abrasive wear mechanisms. The abrasion or 
abrasive wear arises when hard surface particles such as Al2O3 and SiC particles are 
forced to slide against a softer solid surface. As these hard particles slide, they cut 
grooves on the soft surface due to the high stress of abrasives; the material lost from 
these grooves is called wear debris. 
The other type of adhesive wear is called galling or seizing where higher contact shear 
stresses lead to localised plastic deformation that generates adhesion bonding between 
the contact surfaces; this is the main mechanism of adhesive wear. This continuous 
sliding and movement increases the stresses until they reach the yield strength of the 
softer surface and cause severe adhesive wear [60].  
Abrasive wear can occur when hard ceramic particles are forced between two sliding 
surfaces; this is known as two-body abrasive wear mechanism where the hard materials 
cause deformation and ploughing on the softer surface to form wear debris. This debris 
is a function of the hardness, the applied load, and the sliding distance. The 
environmental conditions play an important role in wear mechanisms and types, for 
instance the environmental factors can cause erosion wear, cavitation, and fretting. At 
the initial states of abrasive wear, the surface asperities are worn down until the contact 
surfaces combine to reduce the localised stresses. The oxidised particles are then 
removed and form on the surface where they reach a steady state of abrasive 
mechanism. Further sliding can re-oxidise the bared surface and further remove the 
oxidised particles. If the contact pressure increases to the point of shearing stress, then 
the final stage of wear will be an adhesive mechanism. This shearing stress can create 
a tribolayer (sheet) of wear debris which may cause a significant mass loss in specific 
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Figure 1-18. Schematic diagram of adhesive and abrasive wear mechanisms. (a) Adhesive 
welded asperities, (b) adhesive wear of debris between two surfaces, (c) two body abrasive 
wear, and (d) three body abrasive wear [6]. 
 
 
1.10 Al-based MMCs (Al-Al2O3 composites) 
Aluminium based MMCs and MMNCs have found a positive application in aircraft 
fuselages, engines, and the structural parts of automotive vehicles. These potentials are 
attributed to the sophisticated strength to weight ratio to these materials, as well as 
their lightweight, excellent thermal and electrical properties and exceptional corrosion 
resistance. However, Al-based MMCs have some drawbacks that researchers are 
trying to improve (i.e., their lower yield strength, lower stiffness, and poor wear and 
tear resistance). The main application of Al-based MMCs is in the aerospace and 
automotive industry, defence and weapons manufacturing, automobile equipment 
manufacturing (engine pistons, brakes, liners, discs, and drums) [61,62]. Adding hard 
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phases, or other pure elemental metals can improve the mechanical properties and 
microstructure of Al-based MMCs. These particulates may have a significant impact 
on the strength, wear, tear, and corrosion resistance at room temperature and at 
elevated temperatures. 
Numerous materials can be used to improve the mechanical, physical, thermal, 
electrical, and microstructural properties of Al-based MMCs, These include Al2O3, 
SiC, B4C, SiO2, TiC, SiC, AlN, BN, CuO, graphite, graphene, carbon fibres 
(continuous and copped fibres), SiC fibres, alumina fibres, intermetallics, and carbon 
nanotubes. The properties and processing conditions of these materials has been 
investigated by many researchers using different processing methods [62].  
Al-Al2O3 composites are nominated for specific applications in the aerospace industry, 
in defence and weapons manufacturing, and in the structural industry due to their 
sophisticated properties, but this usage depends on the cost of manufacturing, which 
may be more expensive than casting methods. Two methods are used to manufacture 
Al-Al2O3 composites and nanocomposites, in-situ and ex-situ processing methods. The 
in-situ method via chemical displacement reaction of metal oxide and a strong 
reducing agent, for example, reducing CuO by Al powder to produce Al-Al2O3 
composite with embedded Cu-Al solid solutions. The ex-situ method where the 
reinforcement particles are added to the matrix such as adding nano or micro Al2O3 
particles to an Al matrix and then milling it for a specific period of time to yield the 
composites. The in-situ method is preferred over the ex-situ method due to the superior 
mechanical properties and enhanced interface bonding between the matrix and 
particulates. 
Nanoparticles of Al2C4 and 𝛾-Al2O3 (10 nm) were dispersed into an Al pure matrix 
during high-energy milling in a SPEX mill under argon atmosphere and with the 
Nopcowax-22-DS as PCA. These precursor powders are consolidated via the cold 
hydrostatic extrusion process.  The carbide and oxide phases are amorphous after 
milling and they crystallise after being heating to more than 400 °C. The final product 
has a high strength and hardness due to the dispersion of nanoparticles [63]. 
Micro and nano particles of Al2O3 with volume fraction up to 50 % were used to 
reinforce an Al matrix to produce Al-Al2O3 composites. A high-energy milling was 
used for almost 20 hours to produce these homogenous powders. Vacuum hot pressing 
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(HP), hot isostatic pressing (HIP), and a combination of HP and HIP processes were 
used to produce monolithic composites with an almost full density (99.8 % of 
theoretical). The mechanical and physical properties of Al-Al2O3 composites are 
shown in Table 1-3, and indicate that the strength and modulus of the composites 
increased as the Al2O3 volume fraction increased; furthermore the nano Al2O3 
displayed superior properties than the micro Al2O3 [64]. 










(GPa) Particle size 
(nm) 
Vol. % 
50 5 488 605 78 83 
50 10 515 628 90 95 
150 5 409 544 75 83 
150 10 461 600 77 95 
 
A slurry of Al and Al2O3 powders was ball milled at cryogenic temperature using 
liquid nitrogen to produce Al strengthened with an in situ formation of AlON by an 
attritor mill. Liquid nitrogen was loaded into the milling vial to maintain the level of 
the liquid and as a source of N2. The precursor powders were then, consolidated by 
HIP and extrusion processes to produce an ODS-Al alloy. The liquid nitrogen acts like 
a reaction and adsorption bath for the Al and other components to produce very fine 
dispersoids with an average diameter of less than 10 nm. The strength of the final 
product remains higher at temperatures up to 450 °C due to the generation of threshold 
stresses that improved the plastic flow in the fine microstructure [65]. 
Aluminium and hydrated MoO3 particulates were milled in a planetary ball mill for up 
to 20 hours with an argon atmosphere and by using stearic acid as PCA. The XRD 
pattern of the composite confirmed an amorphous transformation of MoO3 after 
milling, and there is no evidence of any intermetallics formed during milling. The 
sintered composite samples at 725 oC in air revealed that intermetallic phases with an 
average particle size of less than 70 nm had formed and were dispersed uniformly in 
the Al matrix (e.g., MoO12, MoO14, and MoO15). Further heat treatment and annealing 
resulted in the oxidation of Al and the formation of an Al2O3 phase with MoO4 
particles; the mechanical properties and hardness test of the final product had improved 
compared to the elemental matrix without reinforcement particles [66]. 
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Al–Al2O3 composites were produced by a chemical replacement reaction and oxide 
reduction by using a strong reducer agent. For instance, CuO can be reduce by an Al 
powder to produce Al-Al2O3 composite via reactive ball milling. The in-situ formed 
Al2O3 nanoparticles (< 40 nm) were dispersed along the grain boundaries of an Al 
matrix and Al-Cu solid solutions. The reaction kinetic is controlled by the milling 
times and the amounts of Al powder. The mechanical testing, characterisation, and 
strength measured by Hall-Petch methods indicated that the strength increased due to 
the ultrafine reinforcing phases. Composite powders were consolidated by the stir 
casting method, and the wear of the composites was studied in relation to porosity, 
volume fraction,  and particle size of the Al2O3 particles [67–69]. 
Al-Al2O3 composites reinforced with up to 25 vol. % of Al2O3 were produced by 
chemical replacement reaction during the reactive milling of Al powder with ZnO and 
CuO powders in a high-energy planetary ball mill (up to 60 hours). After milling, the 
Al2O3 nanoparticles (< 25 nm) had dispersed along the grain boundaries of the Al 
matrix, and the Al-Zn and Al-Cu solid solutions. A displacement reaction between Al 
and ZnO took place at 100 °C that resulted in the formation of Al-Al2O3 composites. 
The in-situ formed Al2O3 particles are distributed uniformly in the Al matrix and some 
Al-Zn solid solutions, both of which were controlled by oil quenching technique. The 
formation of in-situ Al2O3 nanoparticles can improve the wear resistance and hardness 
of the composite, but the wear rate increases as the load increases; it then decreases by 
increasing the sliding distance and then decreases as the Al2O3 volume fraction 
increases [70–75].  
Nano and micro particles of hard α-Al2O3 (5 vol. %) with an average particle size of 
35 nm and 1 µm respectively, were added to an Al matrix in a planetary ball mill to 
produce Al-Al2O3 composites by MA. The milling parameters were as follows, a BPR 
of 10:1, a rotational velocity of 250 rpm, a milling time of 24 hours, and an argon gas 
atmosphere. The MA stages occurred early when micro-Al2O3 was used unlike the  
nano-Al2O3 composite that required a longer milling time to reach a steady state. Noted 
that nanoparticles help to refine the particles during milling and MA, and the addition 
of Al2O3 improves the consolidation by filling the voids or gaps within the Al matrix. 
Moreover, during consolidation, nano-Al2O3 helps to rearrange the particles without 
effecting the plastic deformation, and nano-Al2O3 particles also enhance the packing 
by the dissolution of soft metal agglomerates during milling [76]. 
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 To investigate the microstructure evolution during MA, Al pure powder (90 µm) was 
mixed with Al2O3 particles (165 um) inside a horizontal ball mill by using a BPR of 
20:1 in an argon atmosphere. The higher milling time resulted in a uniform dispersion 
of particles within the Al matrix, and the consolidated composites at 600 °C for 30 min 
in the argon atmosphere showed improved microstructures and mechanical properties 
with higher hardness. Moreover, these composite microstructures can be controlled 
and influenced by the milling parameters [77,78].    
Aluminium alloy (Al-2024) was produced from elemental Al, Cu, and Mg powders 
using the MA, and then nano-Al2O3 particles were added to the mixture and 
mechanically alloyed in a high-energy ball mill.  The milling parameters were as 
follows, a BPR of 13:3, an argon atmosphere, and methanol as the PCA. This process 
resulted in a homogenous microstructure in both reinforced and unreinforced matrix. 
Furthermore, a steady state was reached within a short milling time due to the nano-
Al2O3 particulates that appeared as dispersoids or isolated aggregates in the alloy 
matrix. These dispersoids help to prevent the dislocations movement in the alloy 
matrix, which improved the mechanical properties and hardness [79]. 
Aluminium alloy (Al3.9Cu0.6Mn) powder was produced via gas atomisation and then 
mixed with Al2O3 and SiC particles in a high-energy ball mill to produce Al-Al2O3 and 
Al-SiC composites. The milling process took place in an argon atmosphere, different 
milling velocities, a BPR of 10:1, and different milling times. Particles of Al-alloy 
were milled and fragmented with a homogenous distribution of Al2O3 and SiC 
dispersoids. Higher hardness resulted due to a high amounts of nanoparticles dispersed 
in the Al matrix [80]. 
A mixture of Al- 3 wt. % Si- 3 wt. % Cu powder and SiO2 particles was milled in a 
high-energy ball mill to produce Al-Al2O3 nanocomposites. This mixture was milled 
continuously until it reached a steady state with a reasonable reduction in crystallite 
sizes and an increase in its surface area. A displacement reaction between Al and SiO2 
occurred during milling at temperatures between (640 - 680) °C. The powder mixture 
was then sintered at 645 °C to produce (Al-Si-Cu)-Al2O3 composites,  and the Al2O3 
particles was in submicron scale that dispersed homogenously into the Al alloy solid 
solution and enhanced the hardness and mechanical properties [81]. 
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Different volume fractions of Al2O3 nanoparticles up to 7 wt. % were used to reinforce 
an Al alloy (Al - 5 % Mg) to produce Al-Al2O3 nanocomposite in an open-heart furnace 
using stir casting method. The wettability and retention of Al2O3 nanoparticles was 
enhanced by adding Mg powder into the molten Al. Moreover, there was a big 
improvement in the wear properties when more Al2O3 nanoparticles were added to the 
Al-Al2O3 nanocomposite, and this wear resistance was much better than the Al-Al2O3 
microcomposite [82]. 
Mustafa and his colleagues investigated the effect that Al2O3 particles amount of 5, 10 
and 15 wt. % had as reinforcements on the properties of an Al matrix composites 
manufactured by mechanical mixing and vacuum furnace sintering. Their results 
showed that 5 wt. % of Al2O3 are the best value because it resulted in fully dense 
composites with superior hardness and compression strength. This investigation 
showed that thermal and electrical conductivity of the composites decreases as the 
Al2O3 amount increases, so it is suggested that milling is suitable method for preparing 
Al-Al2O3 precursor powder with homogenous distribution of Al2O3 particles;  another 
outcome is that the porosity of the composite increases at higher amount of Al2O3 [83]. 
Different volume fractions of Al2O3 nanoparticles and GNPs nanoplatelets were also 
used to reinforce an Al matrix to produce Al-Al2O3 and Al-graphene (GNPs) 
nanocomposites. This process was carried out via PM using an attritor ball mill 
followed by uniaxial compaction and sintering. The milling operations took place in 
liquid ethanol, and then the wet composite powders were dried at a low temperature. 
These manufacturing procedures are very cost effective procedures and resulted in 
nanocrystalline Al-Al2O3 and Al-GNPs composites with strengthened grain 
boundaries, as approved by the Hall-Petch correlation, although there was no clear 
grain growth or recrystallisation after sintering at 535 °C. It seems that controlling the 
grain size is the main parameter that contributed to increase the hardness and strength 
of both composites [84]. 
Aluminium reinforced submicron Al2O3 composite was produced via high-energy ball 
milling using at a 15:1 BPR, 250 RPM milling velocity, 3 wt. % of stearic acid, and in 
an argon atmosphere for 25 hours of milling times. A characterisation of the powder 
composites shows that Al2O3 particles played a significant role in the evolution of 
microstructure and particles morphology, moreover the Al2O3 particles distributed 
homogenously when the milling process reached a steady state. The Vickers 
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microhardness of the composite powders also increased as the milling times increased 
up to 25 hours due to the strengthening hardening of oxide dispersion with the 
nanostructure composite [85].  
A pure Al matrix was reinforced by 1, 3, and 7 vol. % of Al2O3 (500 nm) and milled 
for 22 hours using a high-energy planetary ball mill with liquid toluene. The resulting 
Al-Al2O3 powders were consolidated using PM via cold pressing and conventional 
sintering. Sintering was carried out at 640 °C for 30, 60, 120, 240, and 480 minutes in 
a vacuumed tube furnace under argon. This method resulted in a decrease in the 
compressibility of nanocomposite powders due to particle size reduction and increase 
in the reinforcement volume fraction. The nano Al2O3 particles also obstruct the 
densification of powder more than submicron Al2O3 particles, an effect that increases 
as the amount of particle is increased [86].  
Composites of Al-Al2O3 with 10, 20, and 30 vol. % of Al2O3 particles were prepared 
by the PM process via a conventional mixing followed by cold compaction and 
sintering. The density and hardness of these composites increases with increases in the 
cold compaction pressure and Al2O3 volume fraction, and moreover the microstructure 
also improved by increasing the compaction pressure into a uniform microstructure 
with less grain growth [87].  
The effect that the volume fraction and particle size reinforcements have in relation to 
other wear parameters and composites properties was considered when new equations 
and a model for predicting and calculating the wear coefficient of these composites 
was being developed.  In fact the coefficient of wear could be predicted by using the 
sliding distance to reach a steady state regime for Al-Al2O3 against a steel system. The 
calculated wear coefficient deviated by 0.17 compared to the experimental data, a 
value that must be considered with proposed model and equations [88–91].  
The vortex casting method was used to manufacture Al-Al2O3 composites reinforced 
with different weight fractions of Al2O3. The wear behaviour of Al-Al2O3 composites 
were then evaluated via pin on disc wear testing as a function of the amounts of Al2O3 
particles, the sliding distance, and the type of abrasives. It was found that the wear 
resistance could be improved by adding Al2O3 particles [92]. 
Aluminium alloy was reinforced with an in-situ formation of nano-Al2O3 particles via 
a displacement reaction inside a high-energy ball mill with the following parameters, 
 
69 | P a g e  
 
a BPR of 4:1, a milling time from one to eight hours, and an argon atmosphere. A 
reaction occurred between Al and SiO2 as the heat increased to 800 °C and then the 
powder sample was sintered in a tube furnace at 650 °C for 2 hours under a vacuum. 
The flexural strength of the sintered composite samples (8 hours milling time) was 
four times more than the samples prepared via conventional mixed of powders [93].  
An Al-Al2O3 nanocomposite surface layer was manufactured by innovative friction 
stir processing on an Al alloy substrate; these composite layers showed an 
improvement in their microhardness and superior wear resistance compared to the base 
uncoated Al alloy. These improvements were attributed to a uniform dispersion of 
nano Al2O3 particles with grain refinement mechanism achieved by the innovative stir 
processing method [94].  
Al-Al2O3 composites reinforced with 10 wt. % Al2O3 were produced via conventional 
cold pressing and sintering method where the cold compaction took place using 440 
MPa and the sintering at 550 °C for 44 minutes; this resulted in a homogenous 
distribution of Al2O3 particles. The relative density of this composite decreased as the 
particle size of Al2O3 increased, while the mechanical properties of the composites  
such as yield strength, compressive strength, and elongation to failure improved as the 
amount of fine Al2O3 particles decreased, unlike unreinforced Al matrix [95].  
Composites of Al 6061 alloy reinforced with 10 and 30 vol. % of submicrometric 
Al2O3 particles were fabricated via PM techniques via mechanical mixing, cold 
compaction, and sintering at 400 °C for 8 hours in a vacuum. The main purpose was 
to investigate the effect that noble Al2O3 particles have on the pitting corrosion of 
composites in an NaCl solution. The results showed that higher amounts of Al2O3 
resulted in numerous and uniform pits, unlike with lower amounts of Al2O3 where the 
pits are deeper and localized. However, pitting initiated at the agglomerations of Al2O3 
particles in the matrix [96]. 
Aluminium matrix reinforced with 25 vol. % Al2O3 particles can increase the modulus 
by 30 %, whereas the addition of 60 vol. % Al2O3 results in an increase of 50 % when 
the isotropic condition in composites has closest density.  Regardless of the amount of 
particulates, if the manufacturing technique results in composites free imperfections, 
then the ductility will be improved, but high quality of Al2O3  particles improved the 
ultimate tensile strength and toughness to a level close to the Al alloys [97–100].  
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The effect that the Al2O3 volume fraction has on the performance of Al-Al2O3 
composites was investigated via a combination of microwave synthesis and hot 
extrusion methods. Three-volume fractions of 5, 10, and 15 % of micro Al2O3 particles 
were used to fabricate the composites; the mechanical properties and microhardness 
of the composites improved by increasing the amounts of the hard phase.  Moreover, 
the ultimate and yield strength of increased by 33 % compared to the unreinforced Al 
matrix; this also suggests superior tensile properties and enhanced CTE due to the 
addition of Al2O3 particles, as well as improved interface bonding between the matrix 
and reinforced particles [101]. 
 
 
1.11 Cu-based MMCs (Cu-Al2O3 composites) 
Metal matrix composites (MMCs) with nano or micro sized particulates are advanced 
materials that have promising properties with a variety of applications; These 
composites were developed via different manufacturing processes to overcome the 
shortcoming of MMCs such as poor ductility, low fracture toughness, and 
machinability. Particulate reinforced metal matrix composites (PMMCs) and short 
fibres MMCs are advanced composite materials with particulates and short fibres are 
that are not as expensive as other reinforcements [102].  
Cu-Al2O3 composites have important applications in electrical discharge due to their 
superior strength at higher temperatures and their innovated wear resistance.  The 
specific applications of Cu-Al2O3 composites may include electrical connection 
sockets, lead wires, relay blades, electrodes, and spot welding electrodes.  All these 
fields require materials with extraordinary strength and an array of electrical features. 
Cu-Al2O3 Composites were manufactured by the PM method, and their thermal 
conductivity and thermal expansion was studies to examine whether they could be used 
in electronic and electrical applications, especially for electronic packaging materials 
[103,104]. In-situ and ex-situ techniques were used to process and manufacture Cu-
Al2O3 nanocomposite, however the ex-situ method is not cost efficient and it leads to 
agglomeration due to the of lack of wettability between the two phases [102]. 
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Different volume fractions of Al2O3 particles were added to a Cu matrix to investigate 
how the Al2O3 quantity affects the properties of Cu-Al2O3 composites. The 
homogeneity and uniformity of Al2O3 particles in the Cu matrix have a significant 
influence on the mechanical properties of this composite; indeed the thermal 
conductivity of Cu-Al2O3 declined from (384 to 78.1) W/m.K and the CTE declined 
from (33×10-6 to 17.7×10-6) K-1 as the amount of Al2O3 particulates increased from (0-
12.5) wt.%. This reduction in the thermal properties was attributed to the hard interface 
bonding in Cu-Al2O3 composites. The tailored CTE is compatible with semiconductors 
in electronic packaging, which may make it suitable for such applications [103]. 
Two composites of Cu-Al reinforced with intermetallic phases and ceramic oxide were 
fabricated via high-energy ball milling from two different starting materials. The 
formation of intermetallic and ceramic oxide phases were compared using two 
different manufacturing systems; the first system contains copper hydrocarbonate 
(Cu2(OH)2CO3) with Al powder, and the second system contains copper anhydrous 
oxide (CuO) with Al powder. Reactive milling with a planetary ball mill was used to 
activate the mechanochemical reaction synthesis in an argon atmosphere. The milling 
parameters were: 5 g mass of powder and 10:1 BPR with higher milling velocity  of 
300 rpm. The temperature was recorded by a GTM system. The XRD of the CuO + Al 
system suggested a complete dispersion of the elemental components after 4 hours of 
milling times. This mechanochemical synthesis resulted in the formation of a solid 
solution of Al2O3 and Cu(Al), while the mechanochemical reactions in the two systems 
resulted in a different solubility of Al in Cu; not enough  Al adhered to the surfaces of 
the grinding vials and balls. This is a specific situation for ductile materials (such as 
Cu and Al) which adhere to the surfaces of milling equipment [105].  
Nanocrystalline Al-Cu/Al2O3 nanocomposites produced by in situ formation of nano 
Al2O3 particles during the reactive milling of Al and CuO elemental powders. The 
primary powder of Al - 4.5 wt. % Cu was mixed for 20 minutes in a tubular mixer 
before the reactive milling. The particle size distributions of powders before and after 
milling were estimated with a Laser particle size analyser, and revealed that longer 
milling times produce fine particles. Finally, microstructures with a uniform 
distribution of in-situ nano Al2O3 particles  and a nanocomposites with high bulk 
density were produced [106]. 
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Cu-Al2O3 nanocomposites with various Al2O3 amounts were produced via a two 
different routes of mechanochemical reaction from nano-sized elemental powders. The 
first route involved the adding of Cu powder to an aluminium nitrate aqueous solution, 
while the second route involved adding of Cu to an aqueous solution of aluminium 
nitrate and ammonium hydroxide. Oxide powders (CuO and Al2O3) is produced by 
heating these blended mixtures in air and milling in a ball mill, and fine Cu is produced 
by reducing the CuO powder during milling in a hydrogen atmosphere. These 
composite powders were cold pressed and sintered in a hydrogen atmosphere to 
produce Cu-Al2O3 nanocomposites, after which physical and mechanical properties 
were examined to evaluate their performance. Both methods of manufacture provided 
evidence of the formation of Cu-Al2O3 nanocomposite with a uniform dispersion of 
nano Al2O3 particles in Cu matrix, structural characterisation revealed a solid solution 
of CuAlO2 at grain boundaries. The nano Al2O3 particles with average particle size of 
30 nm  were produced by the second route and with average particle size of 50 nm  
were also produced by the first route [107]. 
Cu-Al2O3 composites were produced by milling of elemental Cu, Al, and CuO  
powders in high-energy ball mill. The early stages of MA resulted in a solid solution 
of Cu-Al, which transformed into Cu-Al2O3 composites at a steady state; this Cu-Al2O3 
composite had excellent mechanical and structural properties for use in electronic 
packaging application [108].   
Elemental Al used a chemical reaction induced by reactive ball milling to produce Cu-
Al2O3 nanocomposites from a chemical reduction of CuO. The reaction was first 
suppressed by liquid toluene acting as a catalyst to control the exothermic reactions 
between CuO and Al and to achieve nanocomposites. Reactive milling resulted in 
smaller crystallite sizes compared to a composites prepared by typical mixing of Cu 
and Al powder [109]. 
The mechanochemical synthesis process or (mechanosynthesis MS) is an innovative 
method that involves the mechanical activation of a solid-state displacement chemical 
reaction. Cu-Al2O3 nanocomposites were produced by MS that releases the internal 
oxidation process during the production of ODS-Cu nanocomposites. In fact the Cu-
Al2O3 nanocomposites produced by MS showed improved mechanical and structural 
characteristics after hot pressing [110].  
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A Cu-based composite reinforced with 20 vol. % of nanocrystalline of Al2O3 particles 
was fabricated using the pulse plasma sintering technique (PPS). The nanocrystalline 
powder was prepared by a reduction reaction of Cu-Al2O3 powders in hydrogen, and 
then, the composite was consolidated by PPS. The mixture of Cu-Al2O3 was placed 
into a graphite mould and was preheated at 100 °C for 5 minutes to eliminate any 
residual gases and oxides, and then sintered in vacuum at temperature of 650 °C, an 
applied pressure of 60 MPa, and a total sintering time of 300 seconds. The discharge 
energy was increased with the sintering temperature up to 650 °C, which was then 
maintained for 5 minutes. The compact was then allowed to cool down to room 
temperature under a vacuum and an applied load of 60 MPa. The results revealed that 
the Al2O3 particles had distributed homogenously within the Cu matrix after sintering, 
as verified by the SEM characterisation, and the fracture surface has an inter-crystallite 
feature that indicates a coarse-grained microstructure. Furthermore, the increase in 
hardness due to an increase in Al2O3 content, resulted in the hardness of Cu-20 % 
Al2O3 composites is being five times harder than the Cu matrix. The resistivity of Cu-
Al2O3composites also increased with increasing amount of Al2O3 particles. It was 
therefore suggested that the PPS method can produce denser composites of Cu-Al2O3 
which contain a nanocrystalline matrix with a homogenous dispersion of Al2O3 
particles within short processing time (300 seconds)  [111].  
A copper matrix composite reinforced with 3 wt. % of submicron Al2O3 particles was 
synthesised via MA in a planetary ball mill for up to 20 hours of milling time. This 
composite was manufactured via HP at 800 °C for 3 hours in an argon atmosphere. A 
microstructural investigation of the powder composite and consolidated samples 
reveals that a refined lamellar microstructure formed after milling and HP, with a 
uniform distribution of Al2O3 fine particles. Moreover, the microhardness of the 
powder composite also increased to be 2.37 GPa after 20 hours of milling times, unlike 
the unreinforced copper samples manufactured by the same route, with a 
microhardness of 0.63 GPa. Moreove, further heat treatment of the composite samples 
can reduce their hardness and the effect of strain hardening [112]. 
Cu-Al2O3 composites were produced via high-energy milling in a planetary ball mill 
for 20 hours milling times in an air. The nano Al2O3 reinforcement phase was dispersed 
into pre alloyed mixture of Cu with 2 wt. % Al by MA through the activation of internal 
oxidation reaction. This shows that the particle size of the starting materials (Cu and 
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Al2O3) has a significant influence on the MA process, as well as the microstructure, 
the strengthening mechanism, the thermal stability, electrical conductivity, and 
resistivity of the final product [113,114].  
A combination of ball milling, hot extrusion, and HIP methods were used to 
manufacture a nanocrystalline Cu-Al2O3 composite reinforced with 1 and 5 vol. % of 
nano-Al2O3 particles. The nano-Al2O3 particles were formed in-situ through the 
reduction reaction of CuO by elemental Al powder via high-energy milling. Here, the 
grain boundary strengthening and dispersion strengthening are the main mechanisms 
by which the mechanical properties and electrical conductivity or resistivity is 
improved [115]. 
Copper-based composites reinforced with fine particles of Al2O3 were produced via 
two mechanochemical reactions; in-situ formation of ultrafine Al2O3 particles that 
dispersed uniformly into the Cu matrix induced by MA in a magnetic control Uniball 
mill. In this process, tow powder systems of CuO + Al and Cu2O + Al were milled 
reactively with excess of Cu powder added to help eliminate the heat and prevent a 
combustion reaction during milling.  The milling parameters were 140 hours of milling 
times, a helium atmosphere, and a BPR of 27:1. The mechanochemistry method via 
ball milling successfully produced ODS-Cu powder reinforced with in situ formation 
of nano Al2O3 particles (20 nm) where a Cu2O + Al  were the starting materials [116].  
 
Copper-based MMCs reinforced with micro and nano Al2O3 particles were 
manufactured via conventional sintering and the SPS method. The microcomposites 
were reinforced with 5, 10, 15 vol. % Al2O3 and sintered conventionally in different 
atmospheres (Ar, H2, and N2), whereas the nanocomposites reinforced with 1, 5, 7 vol. 
% Al2O3 were manufactured via the SPS method. The composites manufactured by 
conventional sintering had poor mechanical properties compared to the composites 
manufactured by the SPS method that had best mechanical properties. The maximum 
Vickers hardness of Cu-Al2O3 microcomposites were 60, 75, and 80 for Cu+15 vol. % 
conventionally sintered in N2, Ar, and H2 atmospheres respectively. The Cu+5 vol. % 
Al2O3 produced via SPS had a Vickers hardness of 125, which is higher than the  
microcomposites [117].  
Cu-based MMCs reinforced with 5, 10, 15, 20 vol. % of micro-Al2O3 (10µm) and 1, 
3, 5, 7 vol. % of nano-Al2O3 (<50 nm) were fabricated by SPS method at 700 ºC. The 
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mechanical, thermal, physical, and wear properties of the micro and nano composites 
were then investigated relative to the volume fraction of reinforcement materials. 
There was an improvement in the wear resistance and ultimate strength of the 
nanocomposite compared to microcomposites, although the maximum densification 
95.6 % of Cu-Al2O3 was achieved with a Vickers hardness number (VH0.3) of 93.1 
for microcomposite of 20 vol. % Al2O3 and 124 for the nanocomposite with 7 vol. % 
Al2O3 particles [118,119].  
High-energy ball milling was used to disperse and dissolve particles of Al2O3 into a 
Cu matrix to produce strengthened Cu alloy (DSC) powder. The influence that Ag 
doping impurities has on the mechanical properties of Cu-Al2O3 composite was 
investigated during the mechanical alloying. Cold pressing and conventional sintering 
methods were used to fabricate a monolithic product from the strengthened Cu alloy 
powder. It was found that Ag impurities had a significant effect on the hardness of the 
composite. Moreover, an SEM characterisation revealed that Al2O3 particles grew into 
submicron particles from 150 nm to 200 nm in Cu-Al2O3 composite and about 100 nm 
in Cu-Al2O3-Ag composite due to Ag segregation at the interface [120]. 
 
The oxidation of copper alloy (Glidcop) reinforced with 0.3 wt. % Al2O3 particles was 
investigated and then compared to pure Cu and Cu alloy systems. It was shown that 
Cu- 3 wt. % Al2O3 alloy has a superior oxidation resistance due to the influence of 
dispersed Al2O3 phase that has a higher oxidation resistance. The Al2O3 particles 
dissolve in the Cu matrix and cause strain defects that inhibit the diffusion of Cu 
matrix, this improves the oxidation resistance by hindering kinetic of oxidation [121]. 
 
Powder metallurgy Cu-Al2O3 nanocomposites were manufactures from nano Cu-
Al2O3 powders that were prepared chemically by deoxidising CuO-Al2O3 powder 
using NH4HCO3 and CuSO4+NH4Al(SO4)2 as precipitation solutions.  A fretting wear 
test carried out on the consolidated composites from which it was found that the 
minimum wear loss was with 2 wt. % of Al2O3, moreover, the wear mechanism of Cu 
is adhesive with less amount of Al2O3 and abrasive with more amounts of Al2O3 [122]. 
A compo-casting infiltration method was used to prepared Cu alloy (Zn25Al3Cu) 
reinforced with 3, 8, and 16 wt. % of µ-Al2O3 particles. The microstructure and 
mechanical properties of reinforced and unreinforced Cu alloy were investigated to 
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determine the influence of the amounts of particles and the testing temperature; here 
the yield compressive strength of the reinforced alloys remained at higher values until 
the test ended, unlike the unreinforced Cu alloy where the compressive strength began 
to decrease at 70 °C. This improvement in the yield compressive strength at higher 
temperature occurred for every amount of Al2O3 particles [123]. 
Copper matrix reinforced with 0.4 wt. % Al2O3 particles composite was prepared by 
internal oxidation method, and then the electrical tribological behaviour of Cu-Al2O3 
composite was investigated and charcterised using SEM and TEM. The wear 
resistance of the Cu- Al2O3 composite was twice as good as commercial Cu alloy (Cu-
Cr0.36-Zr0.06). The wear mechanism of the Cu- Al2O3 composite was adhesive with 
current and abrasive without a current [124]. 
Cu-Al2O3 nanocomposite powder was synthesised by a combination of 
thermochemical interaction and mechanical alloying, a method that resulted in 
multiple strengthening.  The composites consolidated from the precursor nanopowders 
had an increasing microhardness and electrical conductivity due to the oxide 
dispersion strengthening. However, this method is restricted with lower amounts of 
Al2O3 (1 wt. %) whereas higher amounts cause the products to decompose of during 
processing [125]. 
Ball milling and mechanical alloying (low and high-energy milling and mixing 
methods) were used to manufacture Cu based composite reinforced with 10 wt. % of 
Al2O3 particles. The powder composites were then compacted to green compacts under 
varying pressure, and then sintered in an argon for 1 hour at 950 ºC.  the resulting 
sintered composite has increased hardness and decreased density with lower electrical 
conductivity due to the powder refinement during mechanical alloying. Moreover, the 
increased compacted pressure increases the strength of the spot welding [126]. 
The deformation behaviour of Cu reinforced with 0.23 vol. % Al2O3 composites was 
studied at high temperature using the Gleeble-1500 device to observe changes in the 
flow stress and microstructure. Three stages, all of which are function of thermal 
compression. Increasing the compression temperature increases the amount of 
dynamic recrystallization, whereas increasing the strain rates reduces the size of the 
subgrains as the dislocation density increases at the initial stage and then decreases 
with disequilibrium in the microstructure [127].  
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Mechanochemical treatment via reactive milling of CuO-Al system was widely used 
to manufacture Cu-Al/Al2O3 composites. The matrix is normally a sloid solution of 
Cu-Al reinforced with fine ceramic particles in situ formed Al2O3. Mechanochemical 
synthesis with the CuO-Al system can produce an ultrafine or nano grain 
microstructure, and since this is a progressive synthesis it can directly produce a solid 
solution of Cu-Al [128]. A thermal analysis of the milled nanocomposite system of 
2Al+3CuO powders was estimated using iso-conversion method with a multi-step 
reaction mechanism and then compared to another ignition experiment where different 
heating rates were applied. The strong exothermic and heterogeneous reaction between 
Al and CuO began at low temperature (127 ºC) and is described very well by the four 
main parallel reaction steps [129]. 
Cu-Al2O3 composites were fabricated via high-energy milling and the PM method 
using different particle sizes of Al2O3 in order to study the arc erosion behaviour of the 
composite as a function of reinforcement particle size and the milling times. A 
mathematical model based on the resulting data indicates that the erosion area 
increases as the particle size decreases. Moreover, a vacuum breakdown appeared at 
the interface between the Al2O3 particles and the Cu matrix, while the distribution of 
Al2O3 improved significantly, as the milling time increased, although this also caused 
some Al2O3 agglomeration. The hardness, electrical conductivity, breakdown strength, 
chopping level, and arc life improved due to the homogenous distribution of Al2O3 
particles in the Cu matrix  [130,131]. 
Cu-Al2O3 nanocomposites were manufactured with different amounts of nano Al2O3 
particles using different mechanochemical processes. The powder composites were 
fabricated by adding of Cu to an aqueous solution of aluminium nitrate and then adding 
of Cu to an aqueous solution of mixture of aluminium nitrate and ammonium 
hydroxide; these processes were followed by heating and mechanical milling to 
produce copper oxide (CuO) and aluminium oxide (Al2O3). A further reduction to CuO 
took place using a hydrogen atmosphere to produce a fine Cu matrix, then cold 
pressing and conventional sintering in a hydrogen atmosphere was used to fabricate 
monolithic composites of Cu-Al2O3. Both approaches led to the formation of dispersed 
particles of Al2O3 as well as the formation of a copper aluminate interface between the 
Cu and Al2O3 interface. The composites from the second approach have finer Al2O3 
particles and an improvement in the density, hardness and wear properties [132,133]. 
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A copper matrix was reinforced with 4 wt. % of commercial Al particles using the 
internal oxidation and MA techniques in a high-energy planetary ball mill for up to 20 
hours in air. The Cu matrix became stronger due to grain refinement and the formation 
of nano Al2O3 particles by internal oxidation. The effect that the particle size of the 
matrix and particulates had on the properties of the consolidated composites was 
recorded. Heat treatment and HP at 800 °C was carried out in an argon atmosphere for 
3 hours to consolidate the milled powders. The results show that the microhardness of 
the prealloyed Cu + 2 wt. % Al composite was higher than the Cu + 4 wt. % Al2O3 
composite because of the nano Al2O3 particles. Moreover, the electrical conductivity 
of the prealloyed Cu + 2 wt. % Al composite was lower than the Cu + 4 wt. % Al2O3  
composite because the nanometric Al2O3 affected the electrical conductivity more than 
the micrometric Al2O3 particles [134,135].  
Copper-based composites were prepared by adding different amounts of 
submicrometric Al2O3 particles via the PM. Conventional mixing followed by cold 
compaction and pressureless sintering were used to manufacture the monolithic Cu-
Al2O3 composite. Sintering took place in a graphite powder at 925 °C for 2 hours 
followed by hot pressing at high pressure. The results show that Al2O3 particles were 
distributed around Cu grains, and the Cu (40 µm) reinforced with 5 wt. % Al2O3 
particles had better properties than Cu (10 µm) reinforced with 7 wt. % of Al2O3 
particles [136].  
The mechanical and physical properties of a Cu matrix reinforced with nano 𝛾-Al2O3 
particles (10 nm) composite were improved by reaction synthesis processing. Here the 
tensile strength can reach 570 MPa, the electrical conductivity is 85% IACS, and the 
Rockwell hardness can reach 86 HRB at room temperature. Moreover, there was also 
a uniform dispersion of 𝛾-Al2O3 in the Cu matrix with a coherent interface interaction 
between the matrix and reinforcement particles [137].  
Copper matrix composites were reinforced with ultrafine Al2O3 particles formed in-
situ via an internal oxidation. These composites were characterised using of SEM, 
EDS, and X-ray diffractometry, and showed that the ultrafine Al2O3 particles had 
dispersed homogeneously along the surface zones of Cu-matrix. The amount of 
dispersed ultrafine Al2O3 particles increases as the Al reducing agent increases during 
the internal oxidation reaction. These increases in the amount of Al2O3 phase in the Cu 
matrix increases the wear resistance of the composites [138]. 
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1.12 Al and Cu hybrid composites (matrix-fibres-particles) 
The use of short fibres in reinforcing MMCs has attracted a lot of research over the 
previous decades, specifically for Al and Cu MMCs. These materials are used to 
manufacture engine pistons and other parts in the automobile industry. Alumina fibres, 
aluminosilicate fibres, and SiC fibres are used in reinforcing metal matrices in form of 
continuous and discontinuous (short) fibres for the automobile industry. These 
composites are manufactured by melt infiltration, melting, squeeze infiltration, PM, 
forging, extrusion, and melt spinning methods. Short fibres have a diameter between 
(1-10) µm and are between (10-150) µm long; they also break during manufacturing 
and end with fibre aspect ratio ranging between 1 and 100. The interfaces between the 
fibres and the matrix are controlled by choosing the appropriate method of processing 
and the degree of chemical reaction and surface chemistry. For example, alumina 
fibres can react with Al melt in the presence of Mg because they have a thin surface 
layer of silica. The properties of these materials are more useful than PRMMCs, 
particularly the wear and creep resistance. Whisker fibres are modified short fibres 
with an enhanced single crystal structure and a higher aspect ratio that reaches several 
hundred, and with a diameter less than a micron. It has a higher tensile strength and 
elastic modulus than polycrystalline short fibres. These fibres have not been widely 
used because of they are difficult to manufacture for industrial use, although SiC 
whiskers have been made from inexpensive starting materials and then used to 
reinforce MMCs. Some work has been found on reinforcing MMCs with whiskers and 
particulate (Al2O3 and Si3N4) to enhance the mechanical properties of MMCs for used 
to manufacture engine parts. Important safety procedures must be considered when 
incorporating fine fibres or whiskers into MMCs because these materials have a 
detrimental effect on the human health [10,139].  
Coatings of nickel and copper were deposited onto short carbon fibres using an 
electroless process; these coated fibres were then used to reinforce AA6061 alloy 
together with SiC particles that are also coated with SiO2 via the sol-gel process. These 
composites were prepared with a melting technique. The study suggests that carbon 
fibres will act as a solid lubricant during tow body movements, while the SiC particles 
will increase the hardness and wear resistance of the composites. These results were 
compared with uncoated samples manufactured by a similar route and revealed that 
the wear resistance increased due to coated CFs, unlike uncoated CFs and unreinforced 
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composites. Moreover, the copper-coated samples were harder than the nickel coated 
samples. Hard ceramic particles with carbon fibres are used to produce hybrid 
composites to improve the wear resistance of Al alloys [140]. 
The fracture toughness of hybrid composites of Al6061 alloy reinforced with short 
carbon fibres and particles was investigated; these hybrid composites were 
manufactured via squeeze casting and contain different amounts of short fibres and 
particles. The results show that the fracture toughness and fatigue limit increased as 
the particles volume fraction increased. The fracture surfaces and crack propagation 
were subjected to further investigation through the composites in relation to the effect 
of amounts of short fibres and particles [141]. 
Two composite coatings of Al reinforced with SiC particles and Al-reinforced with 
SiC and graphite particles were produced by plasma spraying on Al alloy substrates. 
The SiC particles are distributed uniformly, unlike the graphite particles that appeared 
to be inhomogeneous. The main results show an enhanced interface bonding with no 
distinctive reaction, and no gaps with enhanced adhesion to the substrate [142]. 
An Al matrix reinforced with carbon fibres preform (20-25 vol. %) composites were 
fabricated by squeeze infiltration casting; the ultimate tensile strength decreased while 
the hardness and toughness increased in comparison to the unreinforced Al matrix. 
The SEM investigation shows a uniform distribution of carbon fibres along the Al 
matrix with enhanced wetting between the fibres and liquid Al [143].  
An Al matrix reinforced with 30 vol. % chopped carbon fibres was mixed for 5 minutes 
in an argon atmosphere to prepare a powder composite of Al-CF that was then sintered 
using the SPS technique under 50 MPa of applied pressure and at 600 °C. The 
consolidation times were between 10 and 40 minutes. The microstructures of these 
composites are similar to the microstructure produced by the HP method. Moreover, 
an examination that the carbide layer at the interface between the CF and Al matrix 
indicated that and the carbide phase increased as the pulse increased up to 24:1. The 
localised Joule heating associated with the SPS method can initiate several liquid Al 
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1.13 Summary and aims  
▪ The literature review indicates that n-Al2O3 particles and short carbon fibres can be 
used as reinforcement materials to replace µ-Al2O3 particles and continuous carbon 
fibres when making Al and Cu based MMCs and MMNCs. How these nanoparticles 
and short fibres are dispersed into the Al and Cu matrices with different levels of 
volume fractions will determine how the physical, mechanical, and wear 
characteristics of the composites are improved compared to properties that can be 
improved when micro-particles and continuous fibres are used as reinforcement.   
▪ Most recent literature focused on the development of physical and mechanical 
properties using micrometric and nanometric particles of SiC in Al and Cu alloys. 
The work done to investigate the potential benefits of submicrometric Al2O3 
particles (200 nm or 0.2 µm) in reinforcing pure Al and Cu matrices to make a Al-
Al2O3 and Cu-Al2O3 nano and micro composites is limited.  
▪ Most recent literature focused on the development of short fibres as reinforcement 
based on continuous and discontinuous SiC and Al2O3 fibres, very few attempts has 
been made to use nano carbon fibres and nanotubes to reinforce Al and Cu alloys. 
There is no literature about using milled carbon fibres (MCFs) made from recycled 
pure carbon fibres to reinforce pure Al or Cu matrices.  
▪ The data on the mechanical behaviour of pure Al and Cu matrices reinforced with 
submicrometric α-Al2O3 particles and MCFs is limited. 
▪ There is lack in literature of investigations into the mechanical properties, 
microstructure, and wear behaviour of hybrid composites made from particulates 
and short carbon fibres or milled carbon fibres.  
▪ Investigations into the mechanical properties and strength of Al and Cu alloys 
reinforced with nano and micro particles of Al2O3 and short carbon fibres did not 
archive the promising higher yield strength and modulus for commercially available 
Al and Cu alloys.  
▪ To the best of our knowledge, no work is reported in literature on incorporating the 
magnetic control Uniball mill with uniaxial hot pressing as a PM method for 
processing Al and Cu based MMCs reinforced with high purity submicrometric α-
Al2O3 particles and MCFs. Most of the literature says that high energy milling (MA 
technique) or liquid based methods were used to process these composites using 
their alloys as matrices.  
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▪ For these reasons, we investigated the processing and manufacturing of Al and Cu 
powders reinforced with submicrometric α-Al2O3 particles and MCFs to produced 
binary (1 phase reinforcement) and hybrid (2 phases reinforcement) of Al and Cu 
based MMCs.  
▪ The effect of submicron scale particles as reinforcement on the strength, ductility, 
density, hardness, modulus, and wear of Al and Cu based MMCs should be studied 
at room temperature and high temperature (future recommendation). Since these 
ceramic particles are thermally stable at elevated temperatures, they may enhance 
the performance of Al and Cu matrices at higher and lower temperatures. 
▪ Therefore the aims and objectives of this research are as follows: 
▪ Using a magnetic control Uniball mill with low energy shearing mode 
milling to mix and mill an elemental powder of Al and Cu reinforced with 
different volume fractions of submicrometric α-Al2O3 and MCFs.  
▪ Use an X-ray diffractometry to investigate the effect of milling times have 
on the microstructure and the lattice strains and crystallite sizes as a 
function of milling times. 
▪ To study the effect that the reinforcement submicrometric α-Al2O3 (200 
nm), volume fraction, particle distribution and aggregation, clustering, and 
morphology of the reinforcement, precipitation strengthening mechanisms, 
matrix- reinforcement interphase, compression properties, and abrasive 
wear behaviour and wear resistance has on the hot pressed composites. 
▪ Evaluate and interpret the microstructures in relation to the effect of the 
reinforcement α-Al2O3 particles and MCFs.  
▪ Compare the results of hybrid composites with the results of binary 
composites, as well as the effect of adding of submicrometric α-Al2O3 
particles to the hybrid composites of Al and Cu based MMCs. These 
composites are still poor in literature and their mechanical behaviour is still 
not fully understood or modelled.  
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Chapter 2: Experimental Techniques 
2.1 Introduction 
This chapter describes research procedures for synthesis of composite precursor 
powder via milling and subsequent consolidation by uniaxial hot pressing into dense 
solid compacts. Characterisation methods described include optical, scanning electron, 
transmission electron microscopies, physical and mechanical testing, and abrasive 
wear testing.  
2.2 Starting materials 
Five elemental materials are used in this work: Al and Cu powders as matrices, α-
Al2O3 particles and milled carbon fibres (MCFs) as reinforcement, and stearic acid 
powder as a process control agent (PCA) to reduce and avoid the agglomeration and 
cold welding during milling operations. The fine Al, spheroidal Cu, and stearic acid 
powders came from Sigma-Aldrich Chemistry; submicrometric α-Al2O3 powder came 
from Nanostructured and Amorphous Materials, Inc. Huston, USA; and the milled 
carbon fibres (MCFs) are rod shaped, and 7.5 µm diameter and < 100 µm in long, and 
came from Easy Composites Ltd., UK. The Al particles have irregular shapes and an 
average particle size between (100-150) µm. The Cu particles are spheroidal in shape 
and are between (14-25) µm in diameter. The submicrometric α-Al2O3 particles are 
irregular in shape, with rounded edges and an average particle size of 200 nm. The 
physical characteristics of the pervious materials are shown in Table 2-1. The SE 
images, TEM images, XRD patterns, and particles size distribution of the previous 
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Table 2-1 Properties of the starting materials used in this work. 
Property Al Cu MCFs α-Al2O3 Stearic acid 
Type of use Matrix Matrix Reinforcement Reinforcement PCA 
Density (g/cm3) 2.7 8.89 1.75 3.96 0.847 
Volume fraction (%) balance balance 5 ,10,15, 20 2,4,7,10 2%wt. 
Particle size (µm) 100-200 14-25 Diameter = 1 0.2 50 
Hardness (GPa) 0.22 0.49 2.9 20.85 - 
Purity (%) ≥ 91.9 99.8 100 99.9 99.99 
Melting point (°C) 660 1084 3500 2045 *BP=361 
Young modulus (GPa) 68 110 27.6 370 - 
Resistivity (Ω·cm) 27×10-7 17×10-7 0.00140 1×10+14 - 
Poisson’s ratio 0.36 0.343 0.1 0.22 - 
*BP = Boiling point 
 
 
2.3 Preparation of powder composites  
2.3.1 Composition of mixtures  
The Al and Cu powders were mixed with the selected volume fractions of α-Al2O3 and 
MCFs, and then 2 wt. % of stearic acid powder was added to every composite mixture. 
The starting powders were weighed on a four-digit balance that is accurate to                    
± 0.0001 g. Six composite mixtures were prepared from the elemental powders and 
introduced to the magnetic control Uniball mill (Uniball mill are described in the next 
section); these six composites mixtures include Al-Al2O3, Al-MCFs, Al-Al2O3-MCFs, 
Cu-Al2O3, Cu-MCFs, and Cu-Al2O3-MCFs are described in Table 2-2. The composites 
had different volume fractions of reinforcement materials to study how increasing the 
volume fraction of α-Al2O3 and MCFs, or combinations of them, affected the 
microstructures and mechanical properties of these consolidated composites, and then 
the results were compared to those obtained from samples of unreinforced Al and Cu 
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Table 2-2 Data sheet of composite mixtures used in this work 
# Mixture (composite) Al2O3 vol.% MCFs vol.% PCA 
1 Al- Al2O3 2 4 7 10  2 wt.% 
2 Al- MCFs  5 10 15 20 2 wt.% 
3 Al- Al2O3- MCFs 5 5 10 15 20 2 wt.% 
4 Cu- Al2O3 5 10 15 20  2 wt.% 
5 Cu- MCFs  5 10 15 20 2 wt.% 
6 Cu-Al2O3- MCFs 10 5 10 15 20 2 wt.% 
 
 
2.3.2 Milling and mixing operations 
Controlled milling operations were used to reduce the particle sizes and provide a 
uniform distribution of reinforcement materials within the Al and Cu matrices. This 
milling operation focused on mixing, refining the grains, reducing the particle sizes, 
and improving the formation of uniform dispersion of reinforcement materials in the 
matrices with no chemical reaction. After milling for longer periods, the composites 
powders were converted into either nano or submicrometric powders. All the mixing 
operations were carried out with a magnetically controlled Uniball mill [48,57], as 
shown in Figure 2-1, and with the milling parameters shown in Table 2-3.  
The magnetically controlled Uniball mill was invented by Andrzej Calka at the 
Australian National University in collaboration with the Australian Science Instrument 
company [57]. The main feature of this mill is the ability to control ball movements 
and thus control the milling energy by positioning obtained by the strong external Nd-
Fe-B magnets in different positions around the circumference of milling vials. These 
magnets can generate magnetic fields to almost 0.6 Tesla [145] so when they are 
positioned below or beside the rotating vial, it results in a variety of milling modes 
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Table 2-3 Milling parameters for mixing and milling powder composites. 
 
In this thesis work a low-energy shearing mode with magnets at the bottom of the vial, 
was used to prepare the Al and Cu composite powders, as shown in Figure 2-2. Under 
shearing mode, the balls were retained at the bottom of the steel vial by the magnetic 
field while the composite powder is processed mainly by shearing between ball-
particle-ball and ball-particle-vial [48]. The milling vial was loaded with 10 grams of 
composite powder with four hardened chromium steel balls that weighed 270 grams. 
The 27:1 ball to powder mass ratio (BPR) is based on magneto-milling experiments 
performed previously [4], which gave better results and more effective mixing. The 
composite powder is milled continuously at a laboratory temperature for periods of 
12-120 hours in a 99.99 % pure argon atmosphere to stop the fine powders from 
oxidising and contamination, and at a pressure of 300 kPa. The 10 g of composite 
mixture was loaded into the vials to ensure there is more than 60 % of free space for 
the balls to move, and to transfer energy for optimum results when milling and mixing. 
The mechanism for controlling balls movements is designed to keep them at the 
bottom position of the steel vial by increasing the magnetic field intensity or by 
reducing the rotational frequency. Figure 2-2 shows how the steel balls rotate and 
oscillate around this specific position at the inside bottom of the vial; this enables most 
of composite powder to be milled by shearing between ball-particle-vial and ball-





Type of parameter Used value 
Rotational velocity 65 rpm. 
Gas atmosphere Pure Argon under  300 kPa 
Ball to powder mass  ratio 27:1 
Milling media Chromium Steel balls with 25 mm in diameter (4 balls) 
Process control agent Stearic acid powder 
Temperature & humidity Laboratory condition (22 °C  &  55% ) 
Milling time (12-120) hours for milling trails and 50 hours for composites 
Mixture amount 10 grams loader per milling operation 
 
87 | P a g e  
 
 




Figure 2-2 Schematic diagram showing details of the magnetically controlled Uniball mill, 
and the direction of ball and vial movement. 
 
A series of trails were carried out with milling times varying from (12-120) hours, 
during which samples of the milled powder were taken after 12, 24, 48, 72, 96 and 120 
hours. The powder was collected with a portable plastic glove box specifically 





Oscillation of balls 
Rotation of Stainless Steel vial  
Rotation of balls  
NdFeB- strong Magnet 
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composites with different volume fractions of reinforcement materials was 50 hours. 
Shorter milling times of less than 30 hours produced microstructures with 
agglomeration and residual porosity after hot consolidation, whereas milling times 
from (48-72) hours resulted in improved homogeneity, lower agglomeration, and 
reduced porosity after consolidation. Moreover, these milling times also resulted in 
more a uniform distributions of submicrometric α-Al2O3 particles and MCFs along the 
Al and Cu matrices after hot consolidation.  
2.4 Structural analysis  
The distribution of reinforcement particles and fibres in Al and Cu matrices was 
analysed using SEM images and ImageJ open source software. The particle size 
distribution of starting materials were analysed by Malvern laser particle size analyser. 
Crystal structures and phases of as-received and milled composite powders were 
analysed with X-ray diffraction (XRD). The distribution of α-Al2O3 particles and 
MCFs in the Al and Cu matrices was investigated by using optical microscopy, SEM, 
and TEM microscopy. 
2.4.1 Estimation of particle size distribution  
The particle size distribution of the starting materials were estimated with a Malvern, 
Mastersizer 2000, UK laser particle size analyser. However, some Cu-based composites 
were analysed using the laser particle size analyser. In this test of (2-5) g of powder 
particles were dispersed in 500 ml of distilled water and loaded to the Mastersizer through 
a water circulation system. The particle sizes of the starting material and their composites 
were also estimated by analysing polished SE images with ImageJ open source software 
version 1.60 [146].  
2.4.2 X-ray diffractometry (XRD) 
2.4.2.1 Phase analysis 
X-ray diffraction was used for phase analysis, estimating the crystallite size, and 
estimating the lattice strain of the powder composites [147]. A GBC Mini Materials 
Examiner (MMA) with Cu-K radiation and graphite monochromator was used to 
examine the samples by scanning them at 2θ from 20 ° to 80 °, a scanning rate of            
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1 °/min and step size of 0.01°. The scanning rate of the X-ray diffractometer was 
operating with an excitation voltage of 35 kV and a tube current of 28.6 mA. XRD 
data were processed via TracesV6 software version 6.6.9 (2002) (licenced to the 
University of Wollongong). This software program can analyse the X-ray peaks and 
report the data as a list of diffraction angles (2θ) with corresponding intensities. The 
new phases and peaks from the XRD pattern was compared to the standard JCPDS-
ICDD data associated with the GBC-XRD device Sietronics software [148–150]. 
2.4.2.2 Estimation the crystallite size and lattice strain  
X-ray diffraction was used to estimate the crystallite size and accumulated lattice 
strains from the powder composites [147]. Debye Scherrer’s and Williamson-Hall (W-
H) with integral breadth analysis was used to estimate crystallite size and lattice strain 
accumulated after milling operations. Peak broadening is an important indication of 
grain refinement and accumulated lattice strain [151–153].  The field width at half 
maximum (FWHM) (βhkl) was estimated using TracesV6 software which measures the  
instrumental βhkl for each peak of unstrained Al and Cu powders and to measure the 
measured βhkl for each peak of the powders after milling, and then the corrected βhkl 
was calculated using the instrumental and measured βhkl in Eq. (2.1). 
   22
alinstrumenthklmeasuredhklhkl
                                                                           (2.1) 
X-ray diffraction is based on Bragg’s law (Eq. (2.2) by using the wavelength (λ is the 
CuKα radiation which equal to 0.1543 nm in nm) of the X-ray beam diffracted as a 
function of atomic planes. Bragg’s equation  was also used to estimate the d-spacing 
(d) which is related to crystallite size. Based on Eq. (2.2) the diffracted beam has the 
same angle (θ) as the incident beam, which is known as Bragg’s angle of diffraction. 
The spacing between the atomic planes (d) is related to higher order reflections when 
the first border reflections. The last principle used Debye Scherrer’s equation to 
estimate the average crystallite size or d-spacing (D) of the materials using Eq. (2.3) 
[151,152]. 





D                                                                                                                    (2.3)   
Where K is the shape factor between 0.9 and 1.  
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The results are recorded as intensity versus 2θ where the intensity or counts are 
assigned on the vertical axis and the 2θ is on the horizontal axis on the Cartesian XY-
plane. The experimental XRD of as-received Al and Cu powders was used as a 
reference to estimate the crystallite size and lattice strain of the milled composite 
powders. XRD patterns were searched and matched using TracesV6 software to track 
any other phases that might have appeared after milling. The crystallite size and lattice 
strain of milled powders were estimated using the XRD data of composite powders 
and the XRD data of as-received Al and Cu powders by applying the Williamson-Hall 
approximation (W-H method). However, W-H method is an analysis of the integral 
breadth, where the broadening induced by size and strain are simplified using the 
interrelation between the breadth of the peak and diffraction angle (2θ) in a simplified 






hkl       (W-H equation)                                                                                     (2.4) 
A graph was drawn between two parts of the W-H equation, here the x-axis represents 
(4sinθ) and the y-axis represents (βhkl cosθ), as shown in Figure 2-3. The crystallite 
size and lattice strain is estimated by data fitting using the linear trend line, so the 
crystallite size is the intercept with the y-axis and the strain is the linear slope. It was 
assumed for the estimated calculations that the system of powders had deformed 
uniformly. 
 
Figure 2-3. A sample plot of (βhkl cosθ) versus (4sinθhkl) used to calculate the crystallite size 




























Al + 10 vol. % Al2O3 composite powder
Milling times = 100 hours
Linear equation , y = 0.0006 x + 0.0023
Intercept ,  y = 0.0013 x
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2.4.3 Sample preparation for SEM 
Plane polished samples of hot consolidated composite are needed for optical and 
scanning electron microscopy (SEM). The procedures used to prepare the samples for 
SEM characterisation are as follows: 
a) The first step is to machine and clean the surfaces of the bulk compacts produced 
after uniaxial hot pressing by removing the layers of graphite that may have 
adhered to the surface of the sample, in this instance, about 0.3 mm was removed 
from the surface of the sample in the first step.  
b) The next step is to cut a 3 mm thick slice, from the sample using a silicon carbide 
blade and a Struers Accutom-50 electric sectioning device. 
c) Sectioned discs were then hot mounted using the Struers Citopress-20 device and 
high edge retention PolyFast phenolic thermoset resin with carbon filler. The final 
dimensions of the mount containing the sample were 25 mm diameter and (10-12) 
mm in height, which is suitable for next automated grinding and polishing 
procedure. The mounted samples were marked and named using an electric 
engraving mini drill. 
d) Automated grinding and polishing was carried out using a Struers Tegramin-20 
water based machine in the steps and working conditions listed in Table 2-4. 
 
Table 2-4 Metallographic procedures for grinding and polishing. 
Step grinding polishing 
Surface SiC-Paper DP-Pan DP-Pan DP-Pan OP-Chem 
Step no. 1 2 3 4 5 6 7 








Grit size 500 1200 2000 15 µm 9 µm 1 µm 0.04 µm 
Type of 
lubricant 
Water Water Water Green Green Green 
Colloidal 
silica 
Velocity  [rpm] 150 150 150 150 150 150 150 
Load [N] 150 150 150 150 150 150 150 
Time [min.] 5 5 8 5 8 15 5 
 
e) After polishing the samples were dried with a jet of hot air, and then loaded into 
an ion-milling machine (Leica EM RES101 with an argon ion beam milling) for 
surface cleaning and final polishing using the ion miller. The standard ion cleaning 
parameters were used included a gun current of 2.5 mA, a high voltage of 8.0 kV, 
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and 30 minutes of cleaning time. This process produces a very fine polished 
surface specifically for ductile metals, and helps remove all the polishing 
contamination associated with Struers Tegramin-20 process. 
f) The mounted samples were then stored in a vacuumed desiccator for at least 12-
24 hours before being examined by the field emission scanning electron 
microscope to ensure that all the moisture and gasses were removed completely 
from the surface of the prepared sample. 
g) A Leica DM6000 optical microscope was used to monitor the samples during 
grinding and polishing and to check any remaining scratches as well as their 
porosity and microstructure.  
2.4.4 Field Emission Scanning Electron Microscopy (FSEM) 
The distribution of α-Al2O3 particles and MCFs in the Al and Cu matrices was investigated 
using thermal field emission scanning electron microscopy. The microstructure and 
morphology of the composite samples was studied to understand the morphology, the 
appearance of reinforcement materials or second phases, the uniformity of reinforcement 
particles and fibres, and their dispersion within the Al and Cu matrices. 
Scanning electron microscopy was carried out using a JEOL-JSM 7001F  analytical 
thermal field emission gun scanning electron microscope equipped Oxford 
Instruments X-Max 80 mm2, 123 eV SSD energy dispersive X-ray detector [154,155]. 
This large area EDS detector enables rapid quantitative microanalysis and elemental 
mapping via its high resolution and precise microscope with a thermal field emission 
gun at 3 nm spatial resolution at 15 kV, a probe current of 5.11 nA, and very wide 
magnification up to X100,000. The spatial resolution is outstanding due to the smaller 
diameter electron beam generated by the field emission gun.  The beam is several 
nanometre in size, imaging is 1 nm, analysis is < 1µm, and the vacuum pressure is 
9.6×10-5 Pa. High spatial resolution images can be taken using the PC-SEM software 
with accurate control on image processing by adjusting the contrast and brightness 
automatically and manually. As discussed earlier, the uniform distribution of 
reinforcement materials is significant for producing composites with excellent mechanical 
and physical properties. The working distance was 10 mm, with 15 kV accelerating 
voltage and almost 5.11 nA probe current.   
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Secondary electron (SE) and backscattered (BS) images were captured and used to analyse 
the microstructures of the composites. The BS images were used for phase recognition by 
separating the compositional contrast and the topographical contrast. The compositional 
images are useful for elemental and point analysis. Moreover, the BS images were used 
for EDS map of the composite samples because it provides a complementary information 
of the microstructural analysis of the composite samples.  
2.4.5 Transmission Electron Microscopy (TEM)  
The powder composites were characterised using TEM JEOL-JEM 2011 with 200 kV 
LaB6 transmission electron microscope and 0.16 spatial resolution. The TEM was 
equipped with a SiLi energy dispersive X-ray detector (JOEL JED-2300 EDS detector) 
with a 30-mm2 detection area, which facilitates the compositional and the elemental 
investigation in TEM and STEM modes respectively. The samples were prepared by 
dispersing small amount of powder in acetone alcohol and then dropping 2 to 3 drops of 
the suspension onto the standard copper grit. The sample remained to dry for a few minutes 
before being loaded to the microscope chamber. The diffraction patterns of the composite 
powders used to analyse the composite crystalline structure and calculate the inter-planner 
spacing between the diffracted crystalline planes. TEM was supported by Gatan Orius 
CCD camera (4k by 2k), ADF / BF detector and associated Digital Micrograph (DM) 
software developed by Gatan (version DM-2.3.2). DM was also used to analyse the TEM 
images and to calculate the inter-planner spacing (d-spacing) from high magnification 
images (400-600) X. 
2.5 Consolidation of composite powders  
The milled Al and Cu powder composites were consolidated in two stages: first 
hydraulic cold pressing of composite powders at a laboratory temperature into a green 
cylindrical compact with the same dimensions as the graphite crucible of the uniaxial 
hot pressing; second, loading the green compact into the graphite crucible and then 
uniaxially hot pressed each composite at specific temperature. Details of the previous 
two stages are discussed briefly in the next separate sections. 
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2.5.1 Pre-Compaction 
The milled composite powders were compacted into small pellets using the hardened 
carbon steel compaction die set and laboratory press. The steel die set and the manual 
hydraulic press are shown in Figure 2-4; both pieces of equipment were manufactured by 
the MTI Corporation, USA. Pre-compaction makes it easy to handle the composite 
samples while assembling the graphite die set to the uniaxial hot pressing. Cylindrical 
compacts (6.35 ± 0.5) mm in diameter and (10-12) mm in length were prepared by cold 
compaction using 25 MPa applied pressure. 
 
 
Figure 2-4. Laboratory hydraulic press (24 ton) with plastic protective cover (left), and 6.35 
mm inside diameter die pressing set from MTI Corporation (right).  
2.5.2 Uniaxial hot pressing (UHP) 
Uniaxial hot pressing (UHP) is a powder metallurgy method used for the densification 
of metal powder composites, where the mechanical performance of the final product 
depends on the distribution and porosity. Milled powder composites described in 
section 2.3.2 were consolidated via the uniaxial hot pressing device shown in Figure 
2-5. This device consists of a manual hydraulic press used for powder compaction, 
graphite crucibles and punches, and an induction-heating element inside the vacuum 
camper. The press is connected to a calibrated gauge pressure, which reads the applied 
load. The temperature measurements during the hot pressing were measured by a small 
K-type thermocouple inserted from the bottom of the device to reach 20 mm below the 
sample and an IR- Pyrometer (IRCON mirage, model MR-3005-10C, Niles IL, USA) 
placed in front of the main glass door and directed towards the centre of the graphite 
die. The difference in temperature is only reported at lower temperatures below 450 
oC., but both readings were similar at above 500 °C. The temperature for consolidating 
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Al-based composites was 600 ± 10 °C and 970 ± 10 oC for Cu-based composite. To 
ensure the UHP experiment could be repeated, trails of were carried out on both 
composites. Figure 2-6 shows the cross section of the graphite die after completing the 
UHP process. When the pressure and temperature are accurate, the produced 
composite is free of porosity because the high porosity resulted in composites with 
poor mechanical properties. Furthermore, the high porosity may also reduce the 
fracture toughness and the fatigue life, also and reduce the tensile strength, which 
causes detrimental effects. Moreover, porosity acts as stress concentration zones that 
caused the catastrophic failure in the composites. The cylindrical graphite die had      
6.3 ± 0.1 mm inside diameter, a 31 ± 0.1 mm outside diameter, and was 50 ± 0.1 mm 
long. The installed and calibrated induction-heating coil of the UHP machine restricts 
these dimensions.  UHP works by uniformly heating up the graphite die and the sample 
while evacuating any gases from the camper and introducing an argon atmosphere at 
a pressure below zero atmospheres. The temperature and pressure of the UHP device 
is controlled manually using the tune up controller for the temperature and the lever 
for press respectively. During these experiments, the pressure was stabilised at 
maximum level, approximately 60 to 70 MPa based on the strength of the graphite die. 
The UHP parameters are listed in  
Table 2-5. The UHP device is heated via an induction-heating coil controlled by water 
and an advanced electric board generator. Figure 2-5 shows the UHP device (used in 
this work) that was developed by staff at the School of Mechanical, Materials, 
Mechatronics, and biomedical Engineering.  
 
 
Figure 2-5. The Uniaxial hot pressing device that built up at UOW. 
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Figure 2-6. Cross-section of the graphite crucible after UHP showing the setup of hot pressed 
composite sample. 
 
Table 2-5 The UHP parameters for Al and Cu based composites. 
Parameter Value and comment 
Uniaxial pressure from top  (60-70)  MPa 
Sample diameter ( Graphite die) (6.35±0.5) mm 
Hot pressing temperature  for Al-based (580-600)±(10) °C 
Hot pressing temperature  for Cu-based (950-1000)±(10) °C 
Total processing time for Al-based (15-20) minutes 
Total processing time for Cu-based 60 minutes 
Heating rate  (200-250) °C/min. 
Cooling rate  200 °C/min. for total cooling takes 30 min. 
2.6 Density measurements.  
The densities of the composite specimens were estimated by the Archimedes principle 
following the standard ASTM B962-15 [156].  The samples were weighed before and 
after immersion in distilled water at an ambient temperature and measured with a 4-
digit balance (Torbal- model AGCN100). A density kit with part no.AGC9171, was 
used to measure the weight of the sample weight in air (m1) (suspended weight) and 
after being immersed in water (m2) (soaked weight). The Archimedes density (ρ in 







     (g /cm3)                                                                                           (2.5)                                             
The rule of mixtures is a mathematically based formula that predicts some of the 
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constituents. The theoretical density of each sample of the composite was estimated 
using the rule of mixtures formula (micromechanics approach). However, this rule of 
mixture equation as expressed in Eq. (2.6) was widely used to evaluate the properties 
of the composites and to calculate the theoretical density ( c ). 
... ccbbaac VVV                                                                                      (2.6) 
Va, Vb, Vc, …, is the volume fraction of each component. 
,,, cba  …, the theoretical densities of the each component. 
The relative density ( r ) was calculated by dividing the theoretical density ( c ) 
with the calculated practical density  or Archimedes density ( m ); this is a 
dimensionless quantity (in %) used to evaluate the quality of the composites after UHP 







                                                                                                           (2.7) 
2.7 Vickers Micro-hardness 
Vickers hardness is a number related to the applied load and area of the indent 
performed by a square based pyramidal diamond indenter. This value provides 
information on the resistance of the material to deformation and strength. The Vickers 
microhardness was determined on the polished surface of the consolidated composite 
specimens. The test was carried out with an automated Vickers hardness tester using 
Struers DuraScan-70 (see Appendix A-1) with 10 g force to a 10 kg force load range; 
the indentation took place with a 1 kg force for 10 seconds dwell time. The indentation 
was large enough to permit accurate measurements of hardness over large and small 
loads. The tested specimens were ground with 500# and 800# of silicon carbide paper 
then polished with 15, 3, and 1 µm diamond polishing material.  A series of 9 
indentations were carried out with the diamond indenter and the diagonals of the indent 
were measured automatically with the PC-based ecos-WorkflowTM software (version 
V.2.14.0 EMCO-Test Prufmaschinen GmbH). The progression of hardness was 
evaluated with standard deviations by analysing the nine estimated hardness values 
and those standard deviations were used to evaluate the experimental error of in these 
measurements [158]. Figure 2-7 shows a schematic diagram of the diamond indenter 
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and impression diagonals and the typical indentation on Al-Al2O3 composite sample. 
The hardness values (HV in GPa) were then were converted from estimated numbers 
to equivalent values in unit of GPa by converting the applied load (P) to Newton and 











                                                                                     (2.8) 
Where, θ = face angle of the diamond indenter = 136 °, and d = mean diagonal of 
impression in (mm)  
 
Figure 2-7. Schematic representation of Vickers hardness diamond indenter and impression 
(left) [8], and the actual impression on polished Al + 10 vol. % Al3O3 composite sample from 
current work (right). 
 
2.8 Electrical Conductivity and Resistivity measurements 
Samples hot pressed composite with different volume fractions of reinforcement 
materials were prepared for electrical conductivity and resistivity measurement. 
Samples (6 ± 0.05) mm in diameter and (2 ± 0.05) mm in thick were cut from the hot 
pressed samples with the Struers cutting machine with a SiC blade. The faces were 

























 hot pressed 
sample (actual indentation). 
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testing, after which they were rinsed in ethanol and distilled water, dried and coated 
with a high purity conductive silver paint, and then left for 24 hours to dry. The 
samples were then loaded into the TH2817B LCR device manufactured by Changzhou 
Tonghui Electronics Co. Ltd., which read their resistance in Ω. Five measurements 
were recorded for each sample and an average was used to determine the experimental 
error. The electrical conductivity (𝜎 in Siemens/metre (S/m)) and resistivity (ρ in Ω.m) 




                                                                                                                       (2.9) 
L
A
R                                                                                                                   (2.10) 
Where, R is the resistance in Ω, A is the cross-sectional area of the specimen in m2, L is 
the length or thickness of the specimen in m, in unit  
   
2.9 Universal Compression Testing 
The hardness test will not result in a complete understanding of the mechanical 
properties of the composites, so compression testing was used to assess their behaviour 
under universal compressive loads and to evaluate their mechanical strength and 
modulus of elasticity. A compression test enables the mechanical properties of 
materials with low ductility and high brittleness to be estimated and evaluated; this 
includes the maximum compression strength, modulus of elasticity (Young’s 
modulus), the yield stress, and the ductility of the composite samples. The composite 
samples were loaded gradually and the corresponding extension is recorded using 
computer aided software. The ASTM standard E9-89 [160], was used as a reference 
for choosing the compression parameters and dimensions of sample. The aspect ratio 
(length / diameter or L/D ratio) was close to 2.5 for Al and Cu based composites.  
Compression testing with a universal Instron testing device (Instron 5566) on 
cylindrical samples of Al and Cu based composite  with (3.4 ± 0.05) mm in diameter 
and (8.5 ± 0.05) mm long which were prepared in accordance with ASTM standard 
and literature [160,161]. An ultimate strain about 20 % of the total length of sample 
was used while the rate of applied load remained at 0.004 mm/sec. The compressive 
yield strength was calculated using the 0.2 % offset principle [1]. The composite 
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sample was compressed and the load and displacement was recorded automatically. 
The compressive stress-strain curve for all Al and Cu based composites was plotted to 
determine the elastic limit from the initial slope, the yield strength using the 0.2% 
offset strain principle, the maximum compressive strength attained before failure, and 
the ductility of samples. Young’s modulus of elasticity (E) was estimated from the 
slope of the line at the elastic region. The ultimate compressive strength (σuct or UCS) 
was calculated using Eq. (2.11) by dividing the load (F) on area (A) of the composite 
sample before loading up. The corresponding strain (ε) was calculated using Eq. (2.12) 
by dividing the linear extension (ΔL) on the initial length of sample (Li). 
A
F






                                                                                                             (2.12) 
2.10 Ultra-micro indentation system (UMIS) (Nanoindentation) 
Nanoindentation testing was carried out with the Ultra Micro-Indentation System 
(UMIS-2000) manufactured through Fischer-Cripps Laboratories Pty. Limited, 
Australia. This device was built and modified at University of Wollongong to limit the 
noise and vibration from surrounding machinery. The UMIS 2000 system used in this 
work is shown in Appendix A-2; it consists of an optical imaging system and an 
indenter load controlling system. The sample is placed on a positioning stage under 
the optical microscope for selecting a suitable spot for indentation. The sample is 
moved laterally by moving the stage under the indenter before starting the indentation 
test. The Force and displacement are measured by means of LVDTs as shown 
schematically in Appendix 2-B which enables a precise control over the force. The 
force and displacement given by the manufacturer are within 0.025 μN and 0.003 μm, 
respectively [162]. The indentation parameters are listed in Table 2-6.  
Table 2-6 Nanoindentation testing parameters used in this work. 
Parameter Value 
Loading rate 0.1 mN/sec 
Maximum load (P) 25 mN 
Poisson’s ratio of indenter (ʋi) 0.06 
Poisson’s ratio of indenter (ʋc) 0.33 
Elastic modulus of Indenter (Ei) 1141 GPa 
 




Nanoindentation testing was used to estimate the Young’s modulus of elasticity (E) 
and Vickers hardness (HV) of materials with smaller volumes, or non-destructive 
testing. The load-displacement curve (P-H) of is used to calculate the HV and E from 
the equivalent loading and uploading period. Figure 2-8 shows the standard P-h curve 
with the main parameters.  The loading curve represents the resistant of the material 
to indentation or deformation, and the first straight line of the unloading curve 
indicates the impression elastic relaxation [163–165]. The surface of the material 
attempts to return to its original state (before deformation) when removing the applied 
load, but this cannot complete due to the accumulated plastic deformation. In Figure 
2-8, Pmax is the applied load, hmax is the maximum displacement at Pmax, Young’s 
modulus of elasticity (E) is the slope of the straight region of unloading curve, and the 
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is the total depth of 
penetration, 𝜀 is equal to 
0.72 for conical indenter 
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Figure 2-8.The load-displacement (P-h) standard graph showing the indentation parameters 
after nanoindentation testing [157–159]. 
 
Figure 2-8 shows the Vickers hardness and Young’s modulus of elasticity calculated 







                                                                                                       (2.13) 
A
P
H                                                                                                                       (2.14) 
Where E is Young’s modulus of elasticity (GPa), P is the ultimate load (mN), A is the 
area of contact found from the indenter geometry (mm2), and dP/dh is the slope of the 
linear line of unloading curve. All of these calculations followed the Oliver and Pharr 
approximation [163–165]. The standard procedure shows that the graph of (Log(P)) 
versus  (Log(h)) must have a slope of 1.5; and the results beyond this slope indicate 
where the inelastic deformation began on a large scale during the test.  
The Vickers hardness in (GPa) is calculated by dividing the applied load on the area 
of the mean contact of the indenter tip with the material surface. Indentation testing is 
typically carried out by applying a load starting from zero on the tip of the Prekovich 
indenter to the maximum value and then reporting the associated depth of penetration 
or displacements are as load versus displacement. This data was recorded from 
maximum load to zero, as represented schematically in Figure 2-8. Before doing the 
test, the indenter was calibrated on a standard sample of fused silica and the error factor 
was calculated for the hardness and modulus of elasticity. Error correcting data are 
saved in a separate file in the control computer to use when the test was carried out to 
correct the data after indentation [163,165]. Each experimental measurement has 
errors, which originate from various causes, so the associated correction factors must 
be determined. These test errors may be due to the thermal drift of the indenter tip, 
frame compliance, and an initial indentation that will vary depending on geometry and 
amount of damage incurred by the indenter. Corrections were done using a standard 
fused silica (Quartz) specimen with modulus value of 72 GPa. Several measurements 
were taken with different load and then the area function was estimated for the 
hardness and modulus measurement. The area functions were used to correct the 
experimental data from the indentation of Al and Cu based composite samples.  
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2.11 Pin on drum wear testing  
An abrasive pin on drum wear machine was used to evaluate the wear of composite using 
a sliding pin on a cylindrical abrasive drum. This machine shown in Figure 3-6 was built 
by the University of Wollongong using a design compatible with ASTM G132-96 [166] 
standard for pin abrasion wear testing and which has been used in previous researches 
[145,167]  . Tow-body abrasive wear tests can provide excessive stresses with low sliding 
speed and minimum controlling parameters for repeatable tests [145,167]. A cylindrical 
pin sample was (6.3 ± 0.05) mm in diameter and between 10 and 30 mm in length. The 
steel drum was 86 × 300 mm in diameter and length. The drum is driven by variable speed 
electric motor. The pin composite slides uni-directional on an abrasive surface stacked 
(150 garnet grit sand paper) onto rotating drum.  The sliding speed is controlled by gear 
sets installed in relation to the rotation of the main drum. The load during the test can be 
increased by adding weights onto the sample holder; these loads ranged from 5 to 40 
Newton. The sliding distance was (6-12) metres at a translation speed of 0.04 m/sec and 
revolution speed of 30 rpm. The test parameters are listed in Table 2-7. The wear tests 
were carried out at ambient and laboratory temperatures and humidity (humidity between 
(50-60) % and temperatures between (20-25) °C). The specific wear rate versus sliding 
distance, load, and hardness of the composites was based on the volumetric loss of mass 
due to wear in the composite samples. The worn surfaces were characterised by scanning 
electron microscopy and 3D laser microscope. The wear path per turn of the drum X1  
was calculated using the circumferential length of the drum (πD) and the horizontal 
sliding distance of the specimen per rotation of the drum (S) as expressed in                       




1 )()( xSDX                                                                                                2.15) 
 
The total wear path X was obtained by multiplying the wear per turn (X1) by the number 
of turns (ND) as  in Eq. 33 [145], so that maximum length of the wear path was around 
6 ± 0.005 metres.  









SDNX                                                                        (2.16) 
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Figure 2-9. The pin on drum abrasive wear testing machine built at University of Wollongong 
for laboratory use. 
 
A pin specimen manufactured by UHP, and several machining procedures to bring the 
sample to standard dimensions. The samples were run on a new abrasive surface to 
produce a curved wear truck over the entire surface that encountered abrasive paper 
on the drum. The sample was then cleaned and rinsed with ethanol and distilled water 
to remove any excess wear debris, and then dried with warm air and weighed. The 
samples were weighed on an electrical balance with an accuracy of ± 0.0001 g. After 
the test, the worn samples were cleaned and weighed using the same procedure 
outlined above, and then weight loss was recorded to calculate the volume loss. The 
specific wear rate in terms of volume loss per unit load per unit sliding distance was 
calculated from weight loss (mass loss) of the worn specimens; this weight loss is a 
variance of sample weight after being worn in the wear test. Reference samples of 
unreinforced Al and Cu matrices (manufactured by UHP) were used to compare with 
the composite samples. The wear rate (W in mm3/m), of the composite samples was 
evaluated as a function of the mass loss in the reference sample under similar 


















                                                                                                   (2.17) 
Where; Wx is the  mass loss of composite sample (g), Sx is the mass loss in the reference 
sample (g), ρ is the density of composite sample (g/cm3), C is a constant for a given 
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abrasive, pin load, and reference material (mg/m), which is token as 1 for this tests. 
The specific wear rate (









                                                                  (2.18) 
Where, ∆m is the mass loss (g), ρ is the density (g/cm3), L is the sliding distance (m), 
and, FN is the applied load (N).  
The wear test was repeated three times on each sample and the outcomes were 
averaged. The coefficient of variation was less than 5 % for all experiments to ensure 
an acceptable reliability close to 96 %. Therefore, any results with a higher variation 
(i.e. > 0.05) were omitted. Error in the experimental data from wear testing for the 
composites were evaluated by the Pollard formula using Eq. (2.19) to estimate the 


































                                                                                                                (2.20)                     
 
Table 2-7 The Selected Pin on drum Wear testing parameters used in this work. 
Parameter Value Unit 
Sample dimension 6 ± 0.5  mm 
Translation speed 0.04   m/s 
Rotational speed 30  rpm 
Load 5 to40 Newton 
Sliding distance 6 to 12  metre 
Temperature 20 to 25  °C 
Humidity and 50 to 60  % 
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Chapter 3: Results and Discussion 
3.1 Introduction  
This chapter covers the outcomes of all the experimental work carried out on 
unreinforced Al and Cu matrices and their composites synthesized by Uniball milling 
and uniaxial hot pressing. XRD patterns were utilised to estimate the crystallite size, 
the lattice strain, and crystal structure of the starting unreinforced Al and Cu powder 
matrices, α-Al2O3 particles, milled carbon fibres (MCFs), and to determine the phases 
obtained after milling and uniaxial hot pressing. The microstructural characterisation 
and mechanical testing of unreinforced matrices and their composites was carried out 
with field emission scanning electron microscopy, Vickers microhardness, 
compression testing, and ultramicro indentation testing. These matrices and their 
composites were tested in dry sliding pin on drum wear test at ambient temperature 
and pressure to evaluate their wear resistance. The outcomes of these tests are 
discussed and compared to the unreinforced matrices and some literature.  
 
3.2 SEM and XRD of starting materials  
SEM and XRD techniques were used to obtain the SE images and diffraction patterns 
of the starting materials (Al, Cu, α-Al2O3, and MCFs) used to manufacture the 
monolithic products of the matrices and their composites. These SE images and XRD 
were then compared to the fabricated composites so that any unnecessary phases that 
may form after milling and uniaxial hot pressing could be estimated.   
The field emission secondary electron micrographs (SE micrographs) obtained from 
the starting Al powder are shown in Figure 3-1 and indicate that fine Al particles have 
irregular shapes with sharp edges and are submicron in thicknesses. The particle size 
distribution of the starting Al powder is shown in Figure 3-2; the average particle size 
of these Al particles is estimated to be less than (125 ± 10) µm. 
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Figure 3-2. Particle size distribution of the starting Al powder. 
 
Figure 3-3 shows an indexed XRD pattern obtained from the starting Al powder; here 
the indexed data of Al peaks correspond to the standard values for pure Al, according 
to the ICDD (International Centre for Diffraction Data) database and PDF number 04 
-0787.  Details of the extracted standard Al PDF number 04-0787 are listed in Table 
3-1. The crystallite size and lattice strain of Al powder before (as received) and after 
milling (composite powder) was estimated from the XRD data using the Williamson 
Hall approximation (see section 2.4.2.2). The Al peaks were predominant but the other 
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high background scattering, and so the crystallite size and lattice strain is calculated 
from the Al peaks only. Furthermore, α-Al2O3 and MCFs peaks had a negligible effect 
on the strain that accumulated in the composite powders, unlike metallic Al.  
 
Figure 3-3. Indexed XRD pattern obtained from the starting Al powder. 
 
 
Table 3-1 The details of the extracted standard Al data (PDF number 04-0787). 
H K L d-spacing (nm) Intensity 
1 1 1 0.2338 100 
2 0 0 0.2024 47 
2 2 0 0.1431 22 
3 1 1 0.1221 24 
Space group Fm-3m (225),  FCC 





Figure 3-4 shows the SE micrographs of the starting Cu powder used as a matrix in 
the manufacture of Cu-based composites; these Cu particles have spheroidal shapes 
with small proportions of agglomerated fine particles. The particles size distribution 
of the starting Cu powder is shown in Figure 3-5; the average particle size of these Cu 
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Figure 3-4. Secondary electron micrographs obtained from the starting Cu powder. 
 
 
Figure 3-5. The particle size distribution of starting Cu powder. 
. 
Figure 3-6 shows the indexed XRD pattern obtained from the starting Cu powder, it 
corresponds to the standard values for pure Cu, according to the ICDD database and 
PDF number 04-0836. Details of the extracted standard Cu PDF number 04-0836 are 
listed in Table 3-2. The crystallite size and lattice strain of Cu powder before (as 
received) and after milling (in composite powders) is estimated from the XRD data 
using the Williamson Hall approximation and Scherrer’s equation (see section 2.4.2.2). 
The Cu peaks predominate in all the composite mixtures, whereas the peaks of other 
reinforcement materials could not be identified within the high background scattering, 
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Figure 3-6. Indexed XRD pattern obtained from the starting Cu powder. 
 
 
Table 3-2 Indexed details of the standard Cu data (PDF number 04-0836) 
H K L d-spacing (nm) Intensity 
1 1 1 0.2088 100 
2 0 0 0.1808 47 
2 2 0 0.1278 22 
Space group Fm-3m (225),  FCC 
Lattice parameter (a) 0.3615 nm 
 
 
Figure 3-7 shows the SE micrographs (a & b) and transmission electron micrographs 
(TEM images) (c & d) obtained from the starting powder of α-Al2O3. These images 
indicate that the α-Al2O3 particles are irregular in shape, have rounded edges and a 
slight agglomeration due to the large amount of nanoparticles. Figure 3-8 shows the 
particle size distribution of the starting α-Al2O3 powder where the average particle size 
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Figure 3-7. The SE micrographs of the starting α-Al2O3 are shown in (a) and (b), whereas the 
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Figure 3-9 shows the indexed XRD patterns obtained from the starting α-Al2O3 
powder; this indexed data corresponds to the standard values of aluminium oxide 
(corundum) according to the ICDD database and PDF number 43-1484. Details of the 
extracted standard α-Al2O3 PDF number 43-1484 are listed in Table 3-3; α-Al2O3 
powder is stable at all temperatures and it has a trigonal structure (R-3c), and it is 
defined as ABAB stacking of oxygen planes along the c-direction with Al ions in 2/3 
of the octahedral interstitial positions [169,170]. Following blending and milling with 
Al and Cu matrices, the α-Al2O3 peaks could not be resolved from the background, and 
they had a negligible effect on the accumulation of strain in the composite powders 
compared to metallic Al and Cu.  
 
 
Figure 3-9. Indexed XRD pattern obtained of the starting α-Al2O3 powder. 
 
Table 3-3 Indexed details of the standard Cu data (PDF number 04-0836) 
H K L d-spacing (nm) Intensity 
0 1 2 0.3480 72 
1 0 4 0.2551 98 
1 1 0 0.2380 44 
1 1 3 0.2086 100 
0 2 4 0.1740 48 
1 1 6 0.1601 96 
3 0 0 0.1373 57 
Space group R-3c (167),  trigonal 
Lattice parameter (a) 
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Figure 3-10 shows the SE images of the starting milled carbon fibres (MCFs) used as 
the reinforcement phase in Al and Cu matrices; these MCFs were rod morphology with 
an average diameter of (7 ± 0.5) µm and length of less than (100 ± 10) µm, and were 
manufactured from high purity recycled carbon fibres. Figure 3-11 shows the indexed 
XRD patterns obtained from starting MCFs that had recently been used for polymer 
matrix composites, but as far as the author knows, they have not been used or tested 
on metal matrices using magneto-ball milling. These MCFs were expected to influence 
the mechanical properties, wettability, and wear resistance of Al and Cu based MMCs 




Figure 3-10. The SE micrographs obtained from the starting milled carbon fibres. 
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3.3 Aluminium Based Composites 
Three types of Al-based composites were manufactured and tested: binary composites 
of Al-Al2O3 and Al-MCFs, and hybrid composites of Al-5 % Al2O3-(5-20) % MCFs, 
the results were reported and compared to unreinforced Al matrix and previous studies 
to evaluate their performance against the volume fraction of reinforcements and 
milling time. The properties of the starting Al, α-Al2O3 particles, and the MCFs are 
presenting in section 2.2 whereas the SE micrographs and XRD patterns are presented 
in section 3.2. 
3.3.1 Aluminium matrix reinforced α-Al2O3 particle 
The aim here, is to produce Al-Al2O3 precursor powders with refined Al crystallite 
size and a uniform distribution of α-Al2O3 particles to manufacture Al-Al2O 
composites with enhanced physical and mechanical properties. Therefore, Al-based 
composite powders containing 2, 4, 7, and 10 volume fractions of α-Al2O3 were 
prepared in a Uniball mill and were then uniaxially hot pressed. The resulting 
composites had more than 99 % of theoretical density and enhanced mechanical 
properties. Moreover, the controlled milling led to a uniform distribution of hard          
α-Al2O3 particles within the Al matrix, an accelerated Al hardening and fracturing, and 
strain accumulation by the Al matrix. The hardness, strength, wear resistance, and 
electrical resistivity of these monolithic products increased as the volume fraction of 
α-Al2O3 increased up to 10 vol. %. The outcomes were interpreted after considering 
the structural defects induced by milling, the presence of submicrometric α-Al2O3 hard 
particles, and the dispersion of iron milling contaminants, with additional effects 
caused by oxygen introduced during milling and heat treatment.  
 
3.3.1.1 X-ray diffraction of milled powders 
The X-ray diffraction patterns obtained from Al + 10 % α-Al2O3 composite powders 
as a function of milling time are shown in Figure 3-12; they only show the Al and 
Al2O3 peaks, with no evidence of additional peaks which might be associated with 
intermetallic phases arising from a reaction during milling. After increasing the milling 
time up to 120 hours, the Al peaks decreased in intensity, increased in breadth, and 
shifted to lower diffraction angles. The main mechanisms which operate when milling 
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the Al-Al2O3 system are a combination of agglomeration via cold welding and particle 
fracture, but they only operate during the early stages of milling [40,171]. All the XRD 
patterns had clear and large Al peaks, and very small peaks of α-Al2O3 particles, as 
expected. Figure 3-13 shows how the milling time shifts and broadens the first highest 




Figure 3-12. The X-ray diffraction patterns obtained from Al+10 vol. % Al2O3 powder 
composite milled for different milling times. 
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Figure 3-13. A comparison of the first peaks of Al (111) in unreinforced Al powder before 
milling, and in Al + 10 % Al2O3 powder composite after 120 hours milling. 
 
 
The crystallite sizes and lattice strains were estimated using the Williamson-Hall 
approximation (see section 2.4.2.2) as a function of milling time and α-Al2O3 volume 
fractions. The crystallite size of α-Al2O3 could not be measured because the peaks 
disappeared into the background due to high scattering, a small particle size, and less 
amount of α-Al2O3 compared to Al matrix. Figure 3-14 shows the estimated crystallite 
size and lattice strain as a function of milling time; apparently the crystallite size 
decreased and lattice strain increased as the milling time increased up to 120 hours, 
which is consistent with increased energy absorption via defects and the accumulation 
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Figure 3-14. The estimated Al crystallite size (a) and lattice strain (b) of Al + 10 % Al2O3 
composite powders as a function of milling time. 
 
Figure 3-15 shows the XRD patterns of Al-Al2O3 composites powders as a function of 
α-Al2O3 volume fraction after 55 hours of milling. Here, peak broadening is consistent 
with the formation of a deformed nanostructure, and peak shifting to lower angles is 
compatible with the accumulation of strain within the Al-FCC lattice. Figure 3-16 
shows the shifting and broadening of the first Al (111) peaks affected by the change 
of α-Al2O3 volume fraction, but the first Al (111) peak shifted to the right by 0.05 
degrees, and increased in intensity as the α-Al2O3 volume fraction increased. 
 
Figure 3-15. The XRD patterns obtained from powder composites of Al reinforced with a 2, 
4, 7, and 10 vol. % of α-Al2O3 after 50 hours of milling times. 
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Figure 3-16. A comparison between the first peaks of Al (111) in unreinforced Al powder, and 
Al-Al2O3 powders as a function of α-Al2O3 volume fraction after 55 hours of milling. 
 
Figure 3-17 shows the crystallite size and lattice strain of Al as a function of α-Al2O3 
volume fraction after 55 hours of milling where there was a slight increase in the 
crystallite sizes and a slight decrease in lattice strain as the α-Al2O3 volume fraction 
increased from 2 to 10 vol. The previous results suggest that α-Al2O3 particles enhance 
the grain refinement of powder particles during milling, probably from an increase in 
accumulated defects due to interaction between the Al matrix and increasing amounts 
of α-Al2O3 particles that increases the strain and fracturing of powder particles. In 
summary, this reduction in the crystallite size of Al with an increasing amount of          
α-Al2O3 could be attributed to the higher dislocation densities and lattice defects 
formed by milling with increased amounts of hard phase of α-Al2O3, or a higher 
accumulated strain in the Al due to an associated increase in FCC lattice imperfection 
in Al matrix [171]. 
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Figure 3-17. The crystallite size (a) and lattice strain (b) of Al obtained from the Al-Al2O3 
powders as a function of the α-Al2O3 volume fraction after 50 hours of milling. 
 
 
3.3.1.2 Density, Vickers hardness, and electrical conductivity  
This section summarises of the theoretical and Archimedes density, the Vickers 
hardness, the electrical conductivity, and resistivity of the hot pressed Al-Al2O3 
composite samples. Figure 3-18 shows that the theoretical density of these composites 
increases as the α-Al2O3 volume fraction increases due to a higher density of the fine 
α-Al2O3 phase compared to the Al matrix. The Archimedes density is in the region of 
the theoretical density, which indicates that almost full-density composites were 
produced by uniaxial hot pressing after precursor powders were prepared via Uniball 
milling; this is shown in Figure 3-18 where Al + 4 % vol. Al2O3 composite has no 
porosity and an almost full density. The Vickers microhardness of the hot pressed 
samples of Al-Al2O3 composite are shown in Figure 3-19 indicate their hardness 
increased as the α-Al2O3 volume fraction increased due to: (i) a dispersion 
strengthening mechanism caused by the submicrometric α-Al2O3 particles, (ii) the high 
hardness of α-Al2O3 phase compared to the Al matrix, and (iii) a commensurate 
increase in the lattice strain and dislocations densities as the milling time increased; 
however this increase in hardness is consistent with literature [132,173–175].  Figure 
3-20 shows how the volume fraction of α-Al2O3 affected the electrical conductivity 
and resistivity of the unreinforced Al matrix and Al-Al2O3 composites.  This decrease 
in electrical conductivity as the α-Al2O3 volume fraction increases is due to the high 
dielectric properties of α-Al2O3 particles and their high resistivity (resistivity of Al2O3 
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< 1014 Ω·cm). The decrease in electrical conductivity as the volume fraction of α-
Al2O3 increases is due to the movement of the internal electrons and an increase in the 








Figure 3-19. The Vickers microhardness of Al-Al2O3 composite as a function of α-Al2O3. 
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Figure 3-20. An electrical conductivity and resistivity of Al-Al2O3 composites as a function 
of Al2O3 volume fraction. 
3.3.1.3 Microstructure observations  
It is vital that particulates reinforced composite materials obtain a homogenous 
distribution with optimum dispersion of reinforcement in the matrix in order to obtain 
enhanced mechanical, electrical, and thermal properties. The SE and BS micrographs 
of the Al-Al2O3 samples are shown in Figure 3-21. The BS images and associated 
EDS-mapping obtained from hot pressed composites of Al + 2, 4, 7, and 10 vol. % of 
α-Al2O3 are shown in Figure 3-22Figure 3-25 respectively. The grey coloured 
background is the Al matrix while the brighter spots represent the α-Al2O3 particles 
and agglomerates; milling impurities from the balls and stainless steel vial consist of 
iron and chromium flakes and appear as bright white colour in the BS micrographs. 
The SE and BS micrographs show a homogenous distribution of α-Al2O3 particles 
within the Al matrix, which is confirmed by the associated EDS mapping. The SE 
micrographs provide no evidence of agglomeration of the hard phase or verify that 
milling reduces the reinforcement particle size and promotes Al grain boundary 
pinning. The SE micrographs show that the Al matrix has smeared out with no clear 
porosity in the composites, which may indicate close full density. The EDS analysis 
of a large area indicated about 0.3 wt. % of the Fe and Cr contamination where some 
has possibly dissolved within the Al grains. All the samples have less impurities than 
milling methods contained in literature and revealed by EDS mapping, this might be 
attributed to milling in a low-energy shearing mode with stearic acid as process control 
agent [173]. The higher volume fraction of α-Al2O3 phase in Al matrix (10%Al2O3) is 
associated with a finer grain microstructure after UHP where α-Al2O3 hinders the grain 
growth of Al particles by barring the grain boundaries from moving.  
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Figure 3-21. The images in  a, c, e, and g show the SE micrographs of Al reinforced with a 2, 
4, 7, and 10 vol. % of Al2O3, while the images in  b, d, f, and h show the BS micrographs.  
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Figure 3-23. BS micrographs with an EDS layer and maps of Al + 4 vol. % Al2O3 after UHP. 
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High magnification BS micrographs of Al + 2 vol. % Al2O3 and Al + 10 vol. % Al2O3 
composites shown in Figure 3-26 provide no evidence of a reaction layer on the 
interfaces between the Al matrix and the α-Al2O3 particles. This was also verified by 
an XRD investigation of the hot pressed samples where these was no evidence of any 
extra phases initiated during milling and after hot pressing. The interface layer between 
the reinforcement particles and the matrix have a negative effect on the mechanical 
properties of the composites [174,177]. Am image analysis of several SE micrographs 
of Al-Al2O3 composites was used to estimate the reinforcement particle sizes after 
UHP; it showed that the average size of reinforcement particles is (160 ± 10) nm  with 
more than 30 % being less than 100 nm for Al + 7 vol. % Al2O3 and for Al + 10 vol. 
% Al2O3 composites. It is clear that the α-Al2O3 particles were fractured slightly 
compared to the starting average particle size (200 nm), because the α-Al2O3 particles 




Figure 3-26. Higher magnification of the BS micrograph showing the interfaces between the 
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3.3.1.4 Uniaxial compression testing  
Figure 3-27 shows that the compressive engineering stress-strain curves result from 
compression tests of hot pressed unreinforced Al matrix and Al+Al2O3 composites. 
The preliminary preloading data (approximately 25-50 points) were eliminated due to 
offset errors associated with non-intimate contact during the initial stages of 
compression testing [132,161]. Figure 3-27 shows that the ultimate compressive stress 
increases and the compressive strain decreases as the α-Al2O3 volume fraction 
increases, as well as the modulus of elasticity slightly increases; this suggests that the 
dispersed α-Al2O3 particles improve the ultimate compressive strength, the yield 
strength, and the modulus of elasticity of the composites better than the unreinforced 
Al matrix. 
 
Figure 3-27. Compressive engineering stress- strain curves of the unreinforced Al matrix and 
Al+Al2O3 composites. 
 
This increase in the compressive strength of Al-Al2O3 composites may be due to 
refined particle grains, increases in the dislocation density and defects accumulation, 
the Orowan strengthening mechanism, load transfer from the Al matrix to α-Al2O3 
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Young’s moduli of elasticity (E), the yield compressive strength (𝜎y), and the ultimate 
compressive strength (UCS) of the Al-Al2O3 composites and unreinforced Al matrix 
were calculated using Figure 3-27, and the results are summarised in Table 3-4. These 
results were compared with the elastic modulus of unreinforced Al sample 
manufactured by a similar processing method (UHP) and other published results for 
micro and nano reinforcement particulates by a different manufacturing methods 
examined by either compression or tension, are shown in Appendix J 
[43,61,64,100,118,161,178–181].  
Table 3-4 Results of compression tests of the Al and Al+Al2O3 composites. 
Sample UCT (MPa)  𝜎y (MPa) E (GPa) 
Al-unreinforced 484 ± 28 205 ± 20 12 ± 3 
Al+2 vol.% Al2O3 737 ± 33 385 ± 25 15 ± 2 
Al+4 vol.% Al2O3 760 ± 29 391 ± 29 15 ± 3 
Al+7 vol.% Al2O3 815 ± 36 402 ± 35 16 ± 3 
Al+10 vol.% Al2O3 846 ± 33 515 ± 11 17 ± 2 
 
Figure 3-28 compares the ductility of unreinforced Al and Al-Al2O3 composites, where 
ductility is calculated based on a maximum elongation (maximum strain) of the 
samples after compression testing; here the ductility decreased as the α-Al2O3 volume 
fraction increased up to 10 vol. %. This decrease in ductility compared to unreinforced 
Al matrix was about 30 %, and was due to the influence of hard ceramic particles, 
which increased the composite hardness and the Al strain hardening [182].   
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The ultimate compressive strength of Al - 10 vol. % Al2O3 composite is higher here 
than those reported in literature because previous research indicates that the maximum 
strength of Al matrix composites reinforced with nanoparticles of Al2O3 produced via 
high-energy milling and HIP was 628 MPa for the 10 vol. % of Al2O3 particles 
[61,183]. Therefore, the mechanical performance and properties of the composites 
reinforced with submicrometric α-Al2O3 particles are better than reinforcement with 
α-Al2O3 nanoparticles. Table 3-4 indicates that the ultimate compressive strength and 
yield strength of the composites increased in proportion to the volume fraction of the 
reinforcement particles, and the modulus values are lower than the theoretical values 
calculated by the rule of mixture because the isostrain conditions for PRMMCs are 
inaccurate so the rule of mixture has overestimated measurements and the reinforced 
particles shape and distribution has been omitted. Moreover, the elastic moduli of the 
composite has nonlinear elastic behaviour, unlike the theoretical moduli, which 
suggests that a new model should be used to consider all the parameters that effect the 
modulus and strength of particulate reinforced composites.  
 
3.3.1.5 Ultra-microindentation testing 
Figure 3-29 shows the average load-displacement curves obtained from the 
nanoindentation of unreinforced Al matrix and Al-Al2O3 composites. The average 
Young’s elastic moduli of unreinforced Al matrix and the Al-Al2O3 composite samples 
was calculated by analysing and correcting the load-displacement response using 
software from the indentation testing machine. Young’s moduli of elasticity and 
Vickers ultramicro hardness are listed in Table 3-5 and reveal a slight increase in the 
modulus of elasticity (E) and microhardness (H) of the composites as the volume 
fraction of α-Al2O3 increased; these increases of E and H are shown graphically in 
Figure 3-30. The ultramicro indentation test results agree with the compression and 
Vickers microhardness test results reported after previous compression (Table 3-4) and 
Vickers microhardness (Fig. 3-19) tests. Moreover, these results agree with and are 
better than these published in literature for Al reinforced with 10 and 20 vol. % of nano 
Al2O3 particles where the resulting modulus was 42 ± 12 GPa and 54 ± 4.4 respectively 
[64,161].  
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Figure 3-29. Load-displacement (loading and unloading) curves for Al+Al2O3 composites 
samples and unreinforced Al matrix. 
 
 


























Property / sample Modulus of Elasticity (GPa) Hardness GPa 
Al-unreinforced 19 ± 2.58 0.23 ± 0.02 
Al+2%vol. Al2O3 31 ± 3.05 1.19 ± 0.07 
Al+4%vol. Al2O3 41 ± 3.65 1.27 ± 0.19 
Al+7%vol. Al2O3 87 ± 5.27 1.59 ± 0.10 
Al+10%vol. Al2O3 91 ± 9.03 1.84 ± 0.26 
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Figure 3-30. Graphical representation of the relationship between Indentation Vickers 
hardness and MCFs vol. % (a), and Young’s modulus of elasticity and MCFs vol. % (b). 
3.3.1.6 Abrasive wear testing 
Figure 3-31 and Figure 3-32 show the corrected abrasive wear calculated as the mass 
loss and volume loss per unit wear path length versus load respectively. Wear 
resistance is the inverse of material loss due to wear so it is documented as the mass 
loss [184]. There is a large decrease in mass loss and specific wear rate as a function 
of the volume fraction of the α-Al2O3 particles and applied load (see Figure 3-31). The 
specific wear rate increases linearly as the load increases, so there is a direct connection 
between the wear rate and the load (see Figure 3-32). These results are consistent with 
the abrasive wear phenomenon and the pin-on-drum wear testing standard [184]. The 
specific wear rate of composite samples declined as the volume fraction of α-Al2O3 
increased, which suggests that composites may be useful where high-stress abrasive 
wear is problematic. Note also that wear resistance improved within the composite 
samples as the α-Al2O3 volume fraction increased, which validates the theory that the 
addition of α-Al2O3 hard particles can improve the wear properties of an Al matrix by 
acting as strengthening particles that increase the surface hardness and toughness of 
composites. 
Figure 3-33 shows SE micrographs of the worn surfaces of Al-Al2O3 composite 
samples compared to unreinforced Al sample. The fracture surface of unreinforced Al 
shows severe plastic deformation and smooth wear tracks while the Al-Al2O3 
composite samples have a sharper wear tracks and less plastic deformation. This trend  
is attributed to the volume fraction of α-Al2O3 hard particles. The composite sample 
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tracks than the other composite samples with lower α-Al2O3 volume fraction. The 
greater surface damage in the unreinforced Al matrix, Al + 2, 4, 7 and 10 vol. % Al2O3 
is consistent with an increase in the specific wear rate as the amount of α-Al2O3 
decreases. There are long grooves in the sliding direction and dimples have formed in 
all the samples, particularly those composites with a lower volume fraction of α-Al2O3. 
As the load increases and the amount α-Al2O3 decreases, the grooves are wider, the 
dimples are larger, and there are irregular plastic-flow lines that indicate extensive 
plastic deformation during wear; this means the wear mechanism changes from mild 
to severe as the load increases. When the load is low, the small wear rate is due to a 
stable film of surface oxide that forms due to frictional heat generated during sliding, 
but a high load, the surface of the test sample deformed plastically, and fracture 
occurred. These results are consistent with literature where the wear resistance of Al 
and its alloys can be improved by adding micro and nanoparticles [118,174,185]. 
 
 
Figure 3-31. Mass loss (g) of Al-Al2O3 composite samples compared to unreinforced Al 
matrix versus the applied load. 
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Figure 3-32. Specific wear rate (mm3/N.m) of Al-Al2O3 composite samples compared to 
unreinforced Al matrix as a function of applied load. 
  
 
Figure 3-33. SE micrographs of the worn surfaces of the hot consolidated unreinforced Al and 
Al-Al2O3 composites under 40 N applied load and 6.02m sliding distance; (a) Unreinforced Al 
matrix, (b) Al + 2 vol. % Al2O3, (c) Al + 7 vol. % Al2O3, and (d) Al + 10 vol. % Al2O3. 
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The variation in specific wear rate versus the Vickers microhardness of unreinforced 
Al matrix and Al+Al2O3 composite versus the uniaxial applied load and volume 
fraction of reinforcement are shown in Figure 3-34. Here the increase in hardness due 
to the volume fraction of α-Al2O3 is associated with a decrease in the specific wear 
rate. In composites or multi-phase materials, there are various abrasive wear 
mechanisms; include the equal pressure and phase wear mechanism or a combination 
of both, or even an intermediate state between the two. With equal pressure, the softer 
component will wear quicker and thus hard phase will protrude, but during an equal 
phase wear mechanism, the pressure on the harder phase will be several times higher 
than the softer one, depending on their hardness or wear resistance, and this leads to 
the same wear during all the phases [60,186,187].  
 
 
Figure 3-34. The specific wear rate versus Vickers hardness of the Al+Al2O3 composites as a 
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3.3.2 Aluminium reinforced with Milled Carbon Fibres (MCFs) 
An Al reinforced milled carbon fibres (Al-MCFs) were manufactured as described in 
sections 2.2 and 2.5. As far as the author knows, this use of MCFs in reinforcing metal 
matrices, particularly an Al matrix that has not yet to be examined. MCFs are high 
purity recycled carbon fibres with sophisticated properties that are expected to have 
far better the mechanical properties, wettability, and tribological behaviour of Al-
based MMCs than chopped or short carbon fibres. This comparison with chopped 
carbon fibres is based on work published in literature. Precursor composite powders 
of Al matrix reinforced with 5, 10, 15, and 20 vol. % of MCFs were prepared by 
Uniball magneto milling, and then uniaxially hot pressed (UHP) in an argon 
atmosphere at 600 ± 10 °C for 15 minutes. The microstructure of these composite 
powders and consolidated composite samples was examined by X-ray diffractometry, 
FSEM, FSEM-EDS, and their mechanical properties were tested to determine the 
major difference caused by MCFs compared to unreinforced Al, and to literature. In 
summary: (i) produce composite powders of Al - (5-20 vol. % MCFs) by Uniball 
magneto milling and optimise the milling parameters, (ii) produce monolithic 
compacts by UHP and optimise the hot consolidation parameters, and (iii) 
characterisation and mechanical testing and report the effects of MCFs vol. %. 
3.3.2.1 X-ray diffraction of milled powders 
Figure 3-35 shows the XRD patterns after milling Al + 20 vol. % MCFs in different 
milling times to investigate the phase evolution and Al peak shifting and broadening 
due to milling times. Milling of Al-MCFs system for more than 72 hours results in 
very fine precursor powder, which is highly reactive and oxidise in air after the lid of 
the mill is opened. Therefore, 72 hours was the maximum time for this system. Longer 
milling times will be investigated in future research, because a chemical reaction and 
new phase evolution with oxidation will have different results. Figure 3-36 shows the 
shifting and broadening of the first Al peaks as a function of milling time, where peak 
intensity decreases and peak broadening increases after 72 hours of milling, this means 
the crystallite size decreases as a function of milling time.  
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Figure 3-36. The effect of milling time on the broadening and shifting of the first Al (111) 
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Figure 3-37 shows the XRD patterns of Al + 5, 10, 15, and 20 vol. % MCFs composite 
powders after 50 hours of milling. The XRD patterns only reveal the Al peaks, there 
is no evidence of any other phases, and the amorphous pattern of MCFs disappear into 
the background because there are less MCFs in the mixture and also because of the 
high peak scattering. These composite powders were hot consolidated into monolithic 
Al-MCFs composite samples. Figure 3-38 shows that increasing the volume fraction 
of MCFs up to 20 % leads to an increase in intensity and shifts the first Al peak to the 
right. Moreover, the MCFs reduce the Al peak intensity compared with unreinforced 




Figure 3-37. XRD patterns obtained from Al + 5, 10, 15, and 20 vol. % MCFs powders after 
50 hours of milling. 
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Figure 3-38. The effect of MCFs volume fraction on the broadening and shifting of the first 
Al (111) peaks constructed from Figure 3-37 and compared to unreinforced Al. 
 
The crystallite size and lattice strain of these composite powders were calculated using 
Scherer’s formula and the Williamson-Hall approximation to demonstrate an accurate 
method for estimating these values. Figure 3-39 shows the crystallite size and lattice 
strain of the Al - 20 % MCFs composite powder as a function of milling times where 
the lattice strain increases and the crystallite size decreases as the milling time 
increases. Figure 3-40 shows the crystallite size and lattice strain of composite 
powders as a function of the volume fraction of MCFs where the crystallite size and 
lattice strain increased as the volume fraction of MCFs increased. The trends of XRD 
curves where the W-H method is used to estimate the crystallite size and lattice strain 
for different volume fractions of MCFs is shown in Figure 3-41 (a); whereas Figure 
3-41 (b) shows a comparison between the W-H method and Scherrer’s formula. This 
comparison indicates that the W-H method measures the crystallite size and lattice 
strain more accurately than Scherrer’s method because it considers the strain due to 
crystal imperfections in the material, which is the main cause of peak broadening in 
the XRD pattern. Moreover, the crystallite size and lattice strain are shown separately 
on line broadening caused by lattice imperfections [161,172,188].  
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Figure 3-39. The crystallite size (a) and lattice strain (b) of Al – 20 % MCFs system as a 
function of milling time. 
 
 
Figure 3-40. The crystallite size (a) and lattice strain (b) of Al-MCFs powder as a function of 
the amount of MCFs after 50 hours of milling. 
 
 
Figure 3-41. The trend of curves using W-H approximation to estimate the crystallite size and 
lattice strain for different amounts of MCFs (a), a comparison between W-H approximation 
and Scherrer’s formula is shown in (b). 
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3.3.2.2 Density, Vickers hardness, and electrical conductivity 
Table 3-6 is a comparison between Archimedes (practical) density and the theoretical 
density of Al-MCFs composites, both of which decreased as the volume fraction of 
MCFs increased due to a lower density of MCFs. The third column in the table is the 
relative density that calculated as the ratio of practical to theoretical density, where the 
relative density is more than 100 %, which indicates that dense compacts were 
produced by the chosen method of manufacture. These figures reflect an improvement 
in inter-diffusion, high concentrations of solute atoms, good adhesion, few precipitates 
at the interface, and an relative density due to picking up some iron impurities from 
the milling operations [189]. 
 
Table 3-6 Archimedes and theoretical densities of Al-MCFs composites. 
 
 
Figure 3-42. Archimedes and theoretical densities of hot pressed unreinforced Al matrix and 









Al-5 % vol. MCFs 2.6824 ± 0.005 2.6450 101.4135 
Al-10 % vol. MCFs 2.6550 ± 0.005 2.5900 102.5111 
Al-15 % vol. MCFs 2.5731 ± 0.005 2.5350 101.5028 
Al-20 % vol. MCFs 2.5700 ± 0.005 2.4800 103.8957 
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Figure 3-12 shows the electrical conductivity and resistivity of unreinforced Al matrix 
and Al-MCFs composites with different amounts of MCFs. Here the electrical 
conductivity increased as the volume fraction of MCFs increased because the electrical 
conductivity of MCFs is better than the Al matrix, and to the completely dense 
microstructure with good interface properties between the matrix and the fibres [190]. 
Moreover, the resistivity of AL-MCFs composites decreased slightly as the amount of 
MCFs increased.  
Figure 3-44 shows the Vickers microhardness bar chart of the Al-MCFs composites as 
a function of the amounts of MCFs. The microhardness increased to 0.65 GPa as the 
MCFs increased to  20 vol. %; this is a small response possibly due to excessive strain 
hardening from milling and hot consolidation. These results were compared to the 
hardness of unreinforced Al matrix and the literature that reported a hardness of 0.33 
GPa and 0.38 GPa  for Al alloy reinforced with short carbon fibres [191]. The increase 
in hardness by this method is related to an increase in the dislocation density and 
dynamic recrystallisation during milling which refines the grains and improves the 
hardness of the composite, as well as the amount of MCFs in the matrix, the heating 




Figure 3-43. Electrical conductivity and resistivity of Al-MCFs composites as a function of 
the volume fraction of MCFs compared to unreinforced Al matrix. 
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Figure 3-44. Effect of MCFs amounts on Vickers microhardness of Al-MCFs composite. 
 
 
3.3.2.3 Uniaxial compression testing 
Figure 3-45 shows the corrected engineering stress-strain curves of Al-MCFs 
composites and unreinforced Al matrix after compression testing. Here, increasing the 
amount of MCFs in the Al matrix increases their ultimate and yield strength, and 
reduces the engineering strain. Furthermore, the composite with the least volume 
fraction of MCFs has a high strain and lower strength than the composite with a high 
volume fraction of MCFs, which has a higher compressive strength and lower strain. 
Table 3-7 illustrates the mechanical properties such as the average modulus of 
elasticity (E), the ultimate compressive strength (UCS) and the yield compressive 
strength (𝜎y) of Al-MCFs composites that was estimated based on the stress-strain 
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Figure 3-45. Engineering stress-strain curves of uniaxial compression testing for Al reinforced 













Al-unreinforced 484 ± 28 205 ± 20 12 ± 3 
Al+5% vol. MCFs 508 ± 30 220 ± 20 13 ± 1 
Al+10% vol. MCFs 525 ± 20 225 ± 19 13 ± 2 
Al+15% vol. MCFs 620 ± 26 244 ± 25 14 ± 1 
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Figure 3-46 shows the ductility of Al reinforced MCFs, where the ductility decreases 
as the volume fraction of MCFs and elongation increases. The 20 vol. % MCFs has a 
6 % lower ductility than the other volume fractions, which is five times larger than the 
unreinforced Al matrix by approximately 40 %.   
 
Figure 3-46. Effect of MCFs vol. % on ductility of Al-MCFs composite. 
 
3.3.2.4 Ultra-microindentation testing  
An ultramicro indentation or nanoindentation test was utilised across the line passing 
through the carbon fibre in different points (with an equal distance between them of 
50 µm) to study the fibre /matrix interface and to measure the microhardness and 
modulus of elasticity. Smaller size indents mean higher material resistance to 
indentation and deformation and therefore higher bulk hardness and strength. Figure 
3-47 shows the loading displacement curves (loading - unloading) for Al-MCFs 
composites and unreinforced Al matrix obtained after ultramicro indentation testing; 
these loading-unloading curves shifted to the left as the amount of MCFs increased. 
The corrected results of the indentation microhardness and Young’s modulus of 
elasticity in Figure 3-48 show that the indentation microhardness and modulus of 
elasticity increased as the volume fraction of MCFs increased, in fact MCFs with 
around 20 vol. % provided the highest ultra-microhardness.  
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Figure 3-47. Load-displacement curves obtained from nanoindentation of Al-MCFs samples 




Figure 3-48. Volume fraction of MCFs as a function of (a) Young’s modulus of elasticity 
(GPa), and (b) Indentation Vickers hardness; both were obtained from nanoindentation test. 
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3.3.2.5 Microstructure observations  
Figure 3-49 shows the optical images of uniaxially hot pressed Al-MCFs composites 
where the MCFs distributed throughout the Al matrix grain boundaries and several 
agglomerates of MCFs appear at a higher volume fraction. Moreover, the MCFs had 
been pushed to locations close to the grain boundaries due to the grain growth of Al 
particles after cooling inside the furnace chamber. The optical images are not showing 
any porosity in the composite samples.   
Figure 3-50 shows SE micrographs of Al-MCFs composites. These field emission 
secondary electron images approved the optical images and show very accurate details 
of the composite microstructure. Here, the black is the colour of MCFs, the white areas 
are milling contamination from the chromium steel balls and milling steel vials, and 
the grey background is the Al matrix. Uniform distributions of MCFs appeared with 
15 % and 20 % volume fraction of MCFs. Note also, that 70 % of the MCFs broke 
during milling but the remainder still have the same dimensions. During the UHP 
process, the MCF surfaces attracted the iron impurities in the Al matrix; these 
impurities are white in the SE and BS micrographs.  
Higher magnification field emission SE and BS micrographs with EDS mapping of Al 
+ 5 vol. % MCFs, Al + 10 vol. % MCFs, Al + 15 vol. %  MCFs, and Al + 20 vol. % 
MCFs are shown in Figure 3-51, Figure 3-52, Figure 3-53, Figure 3-54, Figure 3-55, 
Figure 3-56, Figure 3-57, and Figure 3-58 respectively. These high resolution and high 
magnification micrographs show the interfaces between the MCFs and Al matrix 
where the MCFs are well wetted and embedded into Al matrix. The uniaxial pressure 
applied during UHP was maintained during the preliminary set up of the precursor 
powders after milling. The MCFs distribution in the Al matrix was almost 
homogenous, particularly for higher volume fractions of MCFs, but they have limited 
agglomeration after hot pressing. 
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Figure 3-49. Optical micrographs of Al-MCFs: 5vol. %MCFs (a), 10vol.% MCFs (b), 15vol. 
% MCFs (c) and 20vol.% MCFs (d). 
 
Figure 3-50. Field emission secondary electron images of Al-MCFs composites; (a) 5 vol. % 
MCFs, (b) 10 vol. % MCFs, (c) 15 vol. % MCFs and, (d) 20 vol. % MCFs.  
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The optical microscope images and SE micrographs with EDS mapping reveal that no 
third phase has been recognised or carbide phase (Al4C3) has participated in Al-MCF 
interphases.  This carbide phase has frequently been reported in the literature 
especially when the casting methods are used in manufacturing these composites. This 
is problematic issue because other manufacturing methods have been reported where 
the carbide phase in the interface may have a positive or negative effect on the 
mechanical properties of the composite. The Al and carbon react at the interface at 
temperatures above 500 °C to form Al4C3 which is considered to have a critical effect 
on the strength of the composites [5,161]. The milling contaminations are normally 
iron and oxygen with less than 2 wt. % in the composite samples, the contaminations 
and oxygen come from starting materials, milling equipment, milling environment, 
and polishing procedures. Moreover, mechanical milling breaks down the oxide layer 
on the surface of the Al particles and MCFs, this can accelerate the adhesion forces 
and wettability between the MCFs and Al matrix, particularly in high temperature 
UHP, with up to 70 MPa of applied pressure, and a short processing time and fast 
cooling rate [193]. The higher magnification micrographs clearly show the random 
homogenous distribution of MCFs throughout the Al matrix. Some fibres are oriented 
90° while other fibres are oriented 180°, 45°, and 60°. These differences in orientation 
strengthened the composites and increased their load bearing in different directions, 
and making them stronger than unreinforced matrix. This was verified by the 
compression tests that showed the composites increased in strength as the volume 
fraction of MCFs increased. 
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Figure 3-51. Al + 5 % vol. MCFs (a) and (b) SE image, (c) and (d) BS images, showing the 
MCFs, Al matrix and Fe impurities. 
 
Figure 3-52. EDS mapping of Al + 5 vol. % MCFs showing the MCFs, Al matrix and Fe 
impurities 
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Figure 3-53. Al+10 vol. % MCFs (a) and (b) SE images, (c) and (d) BS images, showing the 
MCFs, Al matrix and Fe impurities. 
 
Figure 3-54. EDS mapping of Al+10 vol. % MCFs showing the carbon fibers, Al matrix and 
Fe impurities 
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Figure 3-55. Al+15 vol. % MCFs (a) and (b) SE images, (c) and (d) BS images, showing the 
MCFs, Al matrix and Fe impurities. 
 
Figure 3-56. EDS mapping of Al+10 vol. % MCFs showing the MCFs, Al matrix and Fe 
impurities. 
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Figure 3-57. Al+20 vol. % MCFs (a) and (b) SE images, (c) and (d) BS images, showing the 
MCFs, Al matrix and Fe impurities. 
 
Figure 3-58. EDS mapping of Al+10 vol. % MCFs showing the MCFs, Al matrix and Fe 
impurities. 
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3.3.2.6 Abrasive wear testing  
Figure 3-59 shows the volume loss (mm3) as a function of the load and the volume 
fraction of MCFs after pin on drum abrasive wear test where the Al +5 % vol. MCFs 
has a higher volume loss than Al + 20 % vol. MCFs and lower than the unreinforced 
Al matrix especially at higher loads. Figure 3-60 shows the specific wear rates 
calculated as a volume loss per unit sliding distance per unit load. Here, the wear 
resistance increased as the volume fraction of MCFs increased up to 20 vol. % 
compared to the unreinforced Al matrix. The difference in specific wear rates was very 
small at a lower load (20 N). There is a direct relationship between the specific wear 
rate and the applied load because the specific wear rate increased when the applied 
load increased and then decreased as the volume fraction of MCFs increased. The wear 
mechanism of MMCs definitely depends on the type of reinforcement materials as well 
as other wear parameters [193]. For instance, metal matrix reinforced with hard 
particles such as Al2O3 or carbides have an abrasion mechanism at the counterpart 
caused by hard particles, and this improves the wear resistance of the composite. 
However, the metal matrix reinforced with carbon fibres or graphite improved the 
tribological behaviour due to the formation of a very thin layer of carbon or graphite 
that acts like a solid lubricant at the interface to improve wear resistance. This means 
the composites were worn and the hard counterpart did not experience any wear which 
makes these materials useful in the automobile industry [194]. 
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Figure 3-59. The volume loss (mm3) as a function of applied load (N) and volume fraction of 
MCFs after pin on drum wear test. 
 
 
Figure 3-60. The specific wear rate (mm3/Nm) versus load (N) and volume fraction of MCFs 
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Figure 3-61 shows the effect of Vickers microhardness on the specific wear rate of 
these composites under different loads, however, the figure shows that the specific 
wear rate decreased as the Vickers microhardness and the volume fraction of MCFs of 
the composites increased. Furthermore, the wear rate of the sample tested at a lower 
load differed slightly compared to the wear rate of the sample tested with a higher load. 
 
Figure 3-61. The relationship between the Vickers microhardness and specific wear rate of 
Al-MCFs composites and unreinforced Al matrix as a function of load. 
 
Figure 3-62 shows the SE and BS images of the worn surfaces of Al reinforced with 
10 and 20 % vol. of MCFs subjected to a 60 N applied load. This combination of self-
lubricating reinforcement using MCFs, to produce MMCs improved the wear 
resistance of Al matrix. As well as improving  the mechanical behaviour, improving 
the wear resistance  and tribological properties of AMCs is an advantage over other 
materials, even with a low volume fraction of reinforcement [193,195]. Moreover, 
abrasive wear of Al-MCFs composites is consistent with the recently published results 
of Al reinforced with short carbon fibres and manufactured via vacuum pressure 














































Figure 3-62. SE and BS images of worn surfaces of Al reinforced with 10 vol. % MCFs (a, 
b, e, and f); and 20 % vol. % MCFs (c, d, g, and h). 
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3.3.3 Al reinforced with 5 vol. % Al2O3 and (5-20) vol. % MCFs 
Precursor hybrid composite powders of an Al matrix reinforced with 5% α-Al2O3 and 
5, 10, 15, and 20 vol. % of MCFs were prepared with a magnetic control Uniball mill, 
and then almost full density monolithic compacts were produced by uniaxial hot 
pressing (UHP) at 600 °C for 15 minutes in an argon atmosphere. The physical and 
mechanical properties were tested and compared with unreinforced Al matrix, Al-
MCFs composites, and reported literature, and revealed that Al + 5 vol. % Al2O3 + 20 
vol. % of MCFs has an ultimate compression strength of (718 ± 42) MPa and a 
modulus of elasticity up to (65 ± 21) GPa. This improved compressive strength 
stemmed from the strong interface between matrix and reinforcement fibres, 
composites with less porosity, a refined microstructure, the volume fraction of MCFs, 
and an improved wetting mechanism between the fibres and matrix. The specific wear 
rate of these hybrid composites decreased as the volume fraction of MCFs increased, 
which suggests that the dual phase MCFs and α-Al2O3 particles act like a self-
lubricating tribo-layer and surface hardening that increased their wear resistance. This 
might be a useful characteristic if the composites are the replacement parts in industrial 
automobile applications.  
3.3.3.1 X-ray diffraction of milled powders 
Figure 3-63 shows the X-ray diffraction patterns obtained from Al + 5 % Al2O3 + 20 
% MCFs composite powders as a function of milling time. As with previous Al-Al2O3 
and Al-MCFs composites, agglomeration via cold welding and particle fracture are the 
main mechanisms for milling the Al-Al2O3-MCFs hybrid system. The XRD patterns 
showed Al and small α-Al2O3 peaks but no clear peaks for the MCFs, and no evidence 
of additional peaks that might be associated with intermetallic phases from reactions 
during milling. Increasing the milling times up to 120 hours reduced the intensity of 
the Al peaks, but increased their breadth and moved them to lower diffraction angles 
than the unreinforced Al peaks. Figure 3-64 shows the shifting and broadening of the 
first Al peak (111) after different milling times. 
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Figure 3-63. X-ray diffraction patterns obtained from Al+5%Al2O3+20%MCFs powder 
milled for 12, 24, 48, 72 and 120 hours. 
 
 
Figure 3-64. The first Al (111) peaks of Al +5 % Al2O3 + 20 % MCFs powder showing the 
peak broadening and shifting constructed from Figure 3-61 versus milling times, and then 





158 | P a g e  
 
Figure 3-65 shows the crystallite sizes and accumulated lattice strain calculated using 
the W-H approximation and data from Figure 3-63; note that crystallite size decreases 
as the milling time increases up to 120 hours, while the accumulated lattice strain 
increases. Figure 3-66 shows the trends of curves using the W-H approximation to 
estimate the crystallite size and lattice strain for Al-5 % Al2O3-20 % MCFs versus 
milling time, as well as a comparison between the average crystallite size that 
calculated using the W-H method and Scherrer’s formula as a function of milling time. 
The W-H estimation is lower than Scherrer’s formula estimation due to the limited 
parameters considered in Scherrer’s formula. 
 
 
Figure 3-65. Effect of milling times on: (a) crystallite size, and (b) lattice strain, of Al + 5 % 
Al2O3 + 20 % MCFs estimated using the W-H approximation method. 
 
 
Figure 3-66. The trends of curves using the W-H method to estimate the crystallite size and 
lattice strain for Al + 5 % Al2O3 + 20 % MCFs versus milling times (a), a comparison between 
the W-H method and Scherrer’s formula for calculating the average crystallite size (b). 
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Figure 3-67 shows the X-ray diffraction patterns of Al + 5 % Al2O3 + X % MCFs 
hybrid composite powders as a function of the volume fraction of MCFs after 50 hours 
of milling, here the Al main peaks are clear, the α-Al2O3 peaks are very small, and the 
MCF peaks disappeared into the XRD background due to high scattering. Figure 3-68 
shows that the first Al (111) peaks obtained from  Al + 5 % Al2O3 + X % MCFs powder 
show peak broadening and shifting versus the volume fraction of MCFs after 50 hours 
of milling. A lower volume fraction of MCFs (5 %) results in a shift to the left with 
lower intensity, while increasing the volume fraction of MCFs up to 20 % means the 




Figure 3-67. X-ray diffraction pattern obtained from Al reinforced with 5 % Al2O3 and 5, 10, 
15, and 20 % MCFs powder composites after 50 hours milling time. 
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Figure 3-68. The first Al (111) peaks of Al + 5 % Al2O3+X % MCFs powder composites 
showing the peak broadening and shifting constructed from Figure 5-55 versus the volume 
fraction of MCFs after 50 hours milling time. 
 
 
Figure 3-69 shows the crystallite size and accumulated lattice strain as a function of 
the volume fraction of MCFs calculated using the XRD data of Figure 3-67 and the 
W-H approximation. Here the crystallite size decreases and lattice strain increases as 
the volume fraction of MCFs increases. This is opposite to Al-MCFs (see Figure 3-40) 
after 50 hours of milling versus the volume fraction of MCFs, possibly due to the third 
reinforcement phase (5 vol. % of α-Al2O3 particles) that is represented in all hybrid 
composites and which helps to reduce the crystallite size during milling. Figure 3-70 
(a) shows the trend of curves using the W-H method to estimate the crystallite size and 
lattice strain of Al – 5 % Al2O3 – X % MCFs versus the volume fraction of MCFs after 
50 hours milling, whereas the Figure b is a comparison between the W-H 
approximation and Scherrer’s formula. The W-H approximation has a lower 
measurement than Scherrer’s formula, so the W-H approximation is more accurate 
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Figure 3-69. The crystallite size (a) and lattice strain (b) versus MCFs volume fraction obtained 




Figure 3-70. The trends of curves using the W-H method to estimate the crystallite size and 
lattice strain for Al-5 % Al2O3 –X % MCFs (a), a comparison between the W-H method and 
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3.3.3.2 Density, Vickers hardness and electrical conductivity 
The Archimedes density, theoretical density, Vickers hardness, resistivity, and 
electrical conductivity of hot pressed Al - 5 vol. % Al2O3 - X vol. % MCFs samples 
were measured. Figure 3-71 is a comparison between the theoretical density and 
Archimedes density of hybrid composites as a function of the volume fraction of 
MCFs. The Archimedes density decreased as the volume fraction of MCFs increased 
up to 20 %, whereas the theoretical density increased at 5 vol. % MCFs and then 
decreased at 10, 15, and 20 vol. % MCFs because α-Al2O3 is denser than the Al matrix 
while the density of the MCFs is lower. There is a slight difference between 
Archimedes and theoretical densities, which indicates that a combination of UHP and 
Uniball milling can produce almost full density composite. This can be seen in Figure 
3-71 where the hybrid composites Al + 5 % Al2O3 - 10 % MCFs and Al + 5 % Al2O3 
- 15 % MCFs, have no porosity, which indicates a composite that is almost full density.  
 
 
Figure 3-71. Theoretical and Archimedes (practical) density of unreinforced Al matrix and 





Figure 3-72 shows the Vickers microhardness obtained from the hot pressed hybrid 
composite samples of Al - 5 vol. % Al2O3 - X % MCFs where the microhardness 
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increased as the volume fraction of MCFs increased slightly higher than Al-MCFs 
composites (see Figure 3-44). This might be attributed to (i) a dispersive strengthening 
mechanism caused by α-Al2O3 particles and the MCFs, (ii) the high hardness of α-
Al2O3  and MCFs compared to the unreinforced Al matrix, and (iii) increasing lattice 
strain and dislocations densities as the milling time increases [132,173–175]. This 
increase in microhardness with particulate and the volume fractions of MCFs is  
consistent with literature [175].   
 
 
Figure 3-72. The Vickers hardness of Al-5 % Al2O3-X % MCFs composite and unreinforced 
Al matrix versus MCFs volume fraction. 
 
Figure 3-73 shows the effect of 5 vol. % of α-Al2O3 and different volume fractions of 
MCFs on the electrical conductivity and resistivity of hot consolidated samples of Al 
- 5 vol. % Al2O3 - X % MCFs hybrid composites. The MCFs had more influence than 
α-Al2O3 on the electrical behaviour of the hybrid composites due to the lower volume 
fraction of α-Al2O3; this is due to the high electrical conductivity of MCFs and their 
lower resistivity. The electrical conductivity increased as the volume fraction of MCFs 
increased due to the internal movement of electrons, whereas a higher volume fraction 
of fibres increases the conducting electrons. 
 
 




Figure 3-73. The electrical conductivity (a) and resistivity (b) of Al-5 % Al2O3-X  % MCFs 
composites as a function of MCFs volume fraction. 
 
3.3.3.3 Uniaxial compression testing  
Figure 3-74 shows the corrected engineering stress-strain curves obtained from of Al 
- 5 % Al2O3- X % MCFs hybrid composites samples after uniaxial compression testing. 
The ultimate compressive strength and yield strength of these hybrid composites 
increased as the volume fraction of MCFs increased while the engineering strain 
decreased, but the ultimate compressive strength and the maximum strain within the 
hybrid composites decreased as the volume fraction of MCFs increased. For example, 
a hybrid composite reinforced with 5 vol. % of MCFs had lower strain and strength 
than a hybrid composite reinforced with  20 vol. % of MCFs, which means that 
increasing the volume fraction of MCFs up to 20 % increases the composite strain up 
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Figure 3-74. Engineering stress-strain curves of compression testing of Al reinforced with 5 
% Al2O3 and 5, 10, 15 and 20 vol. % MCFs compared to the unreinforced Al matrix. 
 
Table 3-8 lists the average ultimate compressive strength, yield strength, and modulus 
of elasticity of hybrid Al - Al2O3 - MCFs composites after uniaxial compression 
testing.  
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3.3.3.4 Ultra-microindentation testing 
Ultra-microhardness or nanoindentation testing was carried out at different sites on the 
polished plane surface of hybrid composites. Figure 3-75 shows the load-displacement 
curves from the nanoindentation of unreinforced Al matrix and Al - 5 % Al2O3 - X % 
MCFs hybrid composites where the curves shift to the lower displacement region as 
the volume fraction of MCFs increases. Figure 3-76 shows the average moduli of 
elasticity and microhardness of the composites as a function of the volume fraction of 
MCFs. The smaller indent means that the material resistance to indentation and 
deformation is high and therefore the bulk hardness and strength is high. The volume 
fraction of MCFs around 20 vol. % provide a ultra-microhardness of 2.3 ± 0.1 GPa 
and high modulus of elasticity about 110 ± 12 GPa. This increase in hardness agree 
with the Vickers microhardness measured previously (see Figure 3-72) despite the 
slight difference due to experimental or machine error, but in the hardness generally 
increased as the volume fraction of MCFs increased. The moduli of elasticity also 
agree with elastic moduli calculated from compression testing (see Table 3-8). 
 
 
Figure 3-75. Load-displacement curves for Al reinforced with 5%Al2O3 and 5, 10, 15, and 20 
vol. % MCFs hybrid composites and the unreinforced Al matrix. 
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Figure 3-76. Volume fraction of MCFs as a function of (a) the Vickers hardness and the 
Young’s modulus of elasticity (b) for Al-5%Al2O3-X%MCFs obtained from nanoindentation.  
 
3.3.3.5 Observations of the microstructure  
The microstructure of Al reinforced with 5 vol. % Al2O3 and 5, 10, 15, and 20 vol. % 
MCFs hybrid composites was examines with a field emission secondary electron 
microscope. Polished and cleaned samples were prepared for imaging and 
microanalysis. Figure 3-77 to Figure 3-84 show the SE micrographs with associated 
BS and EDS analysis of Al - 5 % Al2O3 - (5, 10, 15, 20) % MCFs hybrid composites.  
In these SE images black colour is the MCFs, the white areas represent the milling 
contamination of iron and chromium from chromium steel ball and milling steel vials, 
the α-Al2O3 particles are light grey and the Al matrix is the grey. There were reasonably 
uniform distributions of α-Al2O3 particles and MCFs in all the composites and clearer 
uniformity at higher volume fraction of MCFs (15 % & 20 %). Moreover, most MCFs 
broke during milling into smaller fibres, particularly with 20 % MCFs where the MCFs 
are 10 µm long. However, at 15 % MCFs they are less than 50 µm long. During the 
UHP, the surfaces of the MCFs attracted the iron impurities into the Al matrix; the iron 
impurities are white colour in the SE and BS images. The high resolution and high 
magnification images show the interfaces between the MCFs and the Al matrix and 
between Al and α-Al2O3 particles. The MCFs were breaking down into shorter, well 
wetted, and embedded in the Al matrix, and show better distribution in the presence of 
submicrometric α-Al2O3 particles compared to previous multiphase composites of Al-
MCFs with no α-Al2O3 phase (see Figure 3-51 and Figure 3-53). The MCFs are 
distributed almost homogenously in the Al matrix and with partial agglomeration after 
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the UHP. This reasonable distribution of composites due to the applied pressure during 
the UHP of the precursor composite powders after 50 hours of milling where powder 
homogeneity was maintained and crystalline growth inhibited in cooperation with fast 
heating and cooling rates. All the SE images and EDS maps revealed there was no 
third phase or carbide phase participation (Al4C3) at the interphases between Al matrix 
and MCF. However, a carbide phase has often been reported in literature, particularly 
during casting and melting processes. The reaction of Al and carbon at the interface at 
temperatures above 500 °C to form Al4C3 is thought to affect the strength of the 
composites, but in this current investigation of Al-Al2O3-MCFs, processing and 
manufacturing process was not enough to make the carbide phase reaction disappear t 
attributed to fast heating and cooling or short processing times. Moreover, mechanical 
milling breaks down the oxide layer on the surfaces of Al particles and MCFs; this can 
accelerate the adhesive forces or wettability between the MCFs and the Al matrix at 
high temperature of UHP, particularly when using the applied pressure (70 MPa) with 
a short processing time and fast heating and cooling rate [193].  
 
The milling contamination products are normally iron, chromium, and oxygen.  Iron 
and chromium contamination was evaluated by less than 3 % while oxygen was 
assessed by less than 2 % through the composite samples. Impurities may come from 
Al, MCFs, polishing procedures, and milling equipment (balls and vials). The higher 
magnification images show the random homogenous distribution of α-Al2O3 and 
MCFs throughout the Al matrix. The MCFs are distributed in different orientations 
with different angular directions (90°, 180°, 45°, and 60°); this increases the strength 
of the composites by increasing the load bearing resistance in different directions and 
thus they are stronger than the unreinforced Al matrix. This was verified by the 
compression testing results that showed an increase in the composites strength as the 
volume fraction of MCFs increased, while the α-Al2O3 particles increased the strength 
better than previous composites of Al-MCFs without α-Al2O3 phase. Compositions BS 
micrographs with EDS elemental analysis also show that the milling contamination of 
iron and chromium decreases as the volume fraction of MCFs increases up to 20 %. 
This may also indicate that carbon fragments from MCFs act like lubrication media in 
dry milling and reduce the surfaces worn by the steel ball and vials.  
 
 
169 | P a g e  
 
The matrix must also isolate the fibres from each other so that they can act as separate 
entities, but many reinforcing fibres are brittle solids with variable strengths, so when 
they are used as fine fibres, they are stronger than the monolithic form of the same 
solid, and the fibre aggregate does not fail catastrophically. Moreover, the fiber bundle 
strength varies less a monolithic rod of equivalent load-bearing ability. However, the 
advantages of these fibres aggregate can only be realised if the matrix separates the 
fibres from each other so that cracks are unable to pass unimpeded through sequences 
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Figure 3-77. SE and BS micrographs obtained of hot pressed Al+5%Al2O3+5%MCFs. 
 
Figure 3-78. BS image, EDS map, and elemental analysis of UHP Al+5%Al2O3+5% MCFs. 
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Figure 3-79. SE and BS micrographs of hot pressed Al+5%Al2O3+10%MCFs. 
 
Figure 3-80. BS image, EDS map, and elemental analysis of UHP Al+5%Al2O3+10% MCFs. 
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Figure 3-81. SE and BS micrographs of UHP Al+5%Al2O3+15%MCFs. 
 
Figure 3-82. BS image, EDS map, and elemental analysis of UHP Al+5%Al2O3+15% MCFs. 
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Figure 3-83. SE and BS micrographs obtained of UHP Al+5% Al2O3+20 % MCFs. 
 
Figure 3-84. BS image, EDS map, and elemental analysis of UHP Al+5%Al2O3+20% MCFs. 
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3.3.3.6 Abrasive wear testing 
Pin on drum wear testing on the hybrid composite samples was carried out using the 
parameters listed in Table 2-7. Hybrid Al-Al2O3-MCs composites were tested and 
compared with an unreinforced Al matrix. The weight and volume loss of the hybrid 
composite samples after wear test were measured to calculate the specific wear rate.  
Figure 3-36 shows the specific wear rates of the hybrid composites and unreinforced 
Al matrix where the wear rate decreased as the volume fraction of MCFs increased 
and the curves follow a straight-line as a function of the applied load. The 
submicrometric α-Al2O3 particles help to increase the hardness of the hybrid 




Figure 3-85. The specific wear rate (mm3/Nm) versus load (N) for Al - 5 vol. % Al2O3 - X % 
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The 3D-laser analysis and roughness test for wear samples of Al - Al2O3 - MCFs hybrid 
composites were estimated using the 3D-laser microscope model VK-S110. Figure 
3-86 shows how the volume fraction of MCFs affected the surface roughness of the 
worn surfaces of Al hybrid composites compared to the unreinforced Al matrix. Here 
the surface roughness decreased as the volume fraction of MCFs increased, which 
proves the previous result of increasing the wear resistance of the hybrid composites. 
Figure 3-87 to Figure 3-91 show the 3D-laser profile of surface roughness and laser 
optical images of the measured area of the unreinforced Al matrix and hybrid 
composite samples. Various circumstances can control the friction and wear of the 
particulates and short fibre reinforced composites; they might be include the loading 
factors, the sliding distance and speed, orientation of the fibres and homogeneity of 
the particulates, and surface finishing. Other factors might also include the humidity 
and temperature, the kind of counterpart, the type of reinforcement, particle size or 
fibre size distribution and morphology, the amount of reinforcement, and the 
microstructure of the matrix and reinforcement materials. However, Al reinforced 
particulates and short (discontinuous) fibre composites experienced an improvement 
in wear resistance, unlike the unreinforced Al matrix  because the wear performance 
of these composites is controlled by these tribological parameters [60,195]. Moreover, 
there is no comprehensive understanding or theoretical model can combine all these 
tribological factors for research investigation. 
 
 
Figure 3-86. Roughness test using 3D-Laser Profilometer for the Al hybrid composites 
compared with the sample of unreinforced Al after pin on drum wear testing. 
 





Figure 3-87. 3D-laser profile and roughness of unreinforced Al matrix. 
 
 
Figure 3-88. 3D-laser profile and roughness of Al - 5 % Al2O3 - 5 % MCFs. 
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3.4 Copper based composites 
In this section, binary composites of Cu-Al2O3 and Cu-MCFs, as well as hybrid 
composites of Cu-10 % Al2O3-X % MCFs were manufactured and tested. The results 
of every composite was reported and compared to unreinforced Cu matrix and previous 
studies to evaluate their performance, particularly as a function of milling time and the 
volume fraction of α-Al2O3 particles and MCFs. The SE images, particles size 
distribution and XRD patterns of the starting Cu powder, α-Al2O3 particles, and the 
MCFs are presented in section 3.2. 
3.4.1 X-ray diffraction of milled powders 
Precursor powders of Cu-based composites: Cu-Al2O3, Cu-MCFs, and Cu-Al2O3-
MCFs with different volume fractions of reinforcements were prepared via the Uniball 
mill. The milling time and volume fractions of the α-Al2O3 particles and MCFs was 
investigated using X-ray diffractometry based on the crystallite size and lattice strain 
estimates, as well as any new phases that evolved during the milling operation. 
3.4.1.1 Effects of milling time on milling of Cu-20 vol. % Al2O3 
Figure 3-92 shows the XRD patterns of Cu-20 vol. % Al2O3 powder composite after 
milling from 12 to 100 hours; here the Cu peaks predominate with several small peak 
of α-Al2O3. The α-Al2O3 peaks disappear in the XRD background due to high 
background scattering and the small amount of small particles in the mixture. The 
upper excerpt figure in Figure 3-92 shows the effect of milling time on peak shifting 
and broadening obtained from the first Cu (111) high intensity peaks. It was clear that 
after 100 hours of milling the peak became broader, less intense, and moved to a lower 
diffraction angle; this indicates changes in the crystallite size and lattice strain due to 
increases in the dislocation density in the FCC crystal structure of Cu matrix.   
 
 
179 | P a g e  
 
 
Figure 3-92. XRD patterns of Cu+20%Al2O3 powders as function of milling time with an 
excerpt of the first Cu (111) peaks showing the shifting and broadening. 
 
Figure 3-93 shows the crystallite size and lattice strain of Cu - 20 vol. % Al2O3 powder 
composites as a function of milling time. The crystallite size decreases as the milling 
time increases from about 46 ± 3 nm at 12 hours up to less than 15 ± 3 nm at 100 hours. 
The lattice strain increases as the milling time increases from 0.45 % at 12 hours to 
more than 0.9 % at 100 hours of milling. This increase in the lattice strain indicates 
that the strain hardening of the Cu matrix is due to particle fracturing and the 
refinement mechanism, while the reduction in crystallite sizes is due to peak 
broadening due to strain hardening of the Cu matrix. These results are in consistent 
with previous studies on milling of Cu-Al2O3 system with nano or micro reinforcement 
particles [117–119]. Figure 3-92 and Figure 3-93 suggest that the α-Al2O3 particles 
enhances the grain refinement during milling due to an increase in rates of defect 
accumulation due to an interaction between the soft Cu matrix and an increasing 
volume fraction of α-Al2O3 particles that increases the strain and particle fracturing. 
In summary, this reduction in the crystallite size of Cu as the milling time increases 
due to either higher dislocation densities and lattice imperfections formed by milling 
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with hard phase (α-Al2O3 particles), or a higher accumulated strain in the Cu due to 
associated  increases in FCC lattice imperfections [117–119,188]. 
 
 
Figure 3-93. Crystallite size and lattice strain as a function of milling time of Cu+20%MCFs.  
 
Figure 3-94 (a) shows the W-H approximation plot for calculating the crystallite size 
and lattice strain of Cu+20%Al2O3, while Figure 3-94 (b) shows the comparison of 
crystallite size using W-H approximation and Scherrer’s equation [188]. There is a 
difference in estimating the crystallite size due to the Scherrer’s equation limitations 
while the W-H approximation is more accurate because includes the strain in the 
crystals and particle morphology.  
 
 
Figure 3-94. (a) Williamson-Hall plot for Cu+20%Al2O3 with milling time, and (b) a 
comparison of the crystallite size using W-H approximation and Scherrer’s formula. 
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3.4.1.2 Effect of Al2O3 amount on milling of Cu-Al2O3  
Figure 3-95 shows the XRD patterns of Cu-X vol. % Al2O3 composite powders after 
50 hours of milling as a function of a submicrometric α-Al2O3 volume fraction. 
However, the upper excerpt figure shows the shifting and broadening of the first Cu 
(111) peaks as a function of the α-Al2O3 volume fraction. This increase in the volume 
fraction of α-Al2O3 can lead to an increase in peak intensity, reduce peak broadening, 
and a shift to the right or a high angle of diffraction.  
 
 
Figure 3-95. XRD patterns of Cu+Al2O3 powders as a function of the volume fraction of α-
Al2O3 after 50 hours of milling with an excerpt of the first Cu (111) peaks that show shifting 
and broadening as a function of the volume fraction of Al2O3. 
 
Figure 3-96 shows the crystallite size and lattice strain of Cu-Al2O3 powder composites 
as a function of the volume fraction of α-Al2O3. Here the crystallite size increases as 
the volume fraction of α-Al2O3 increases from about 9 ± 1 nm for Cu + 5 vol. % Al2O3 
up to 18 ± 3 nm for Cu + 20 vol. % Al2O3, while the lattice strain decreases from 0.45 
% to 0.02 % respectively. This decrease in lattice strain is due to an increasing amount 
of reinforced particulates (α-Al2O3 particles), while increases in the crystallite size is 
due to peak shifting from strain hardening and lattice imperfections in the Cu matrix.  
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Figure 3-96. The estimated crystallite size (a) and lattice strain (b) via the W-H method of Cu-
Al2O3 composites as a function of the amount of α-Al2O3 after 50 hours of milling.  
 
Figure 3-97 (a) shows the W-H approximation plot used for calculating the crystallite 
size and lattice strain of Cu-Al2O3 for a different volume fractions of α-Al2O3 particles, 
while Figure 3-97 (b) shows a comparison of the crystallite size between the W-H 
method and Scherrer’s equation, to verify the W-H approximation. Note there is a 
difference in estimating the crystallite size due to limitations with Scherrer’s equation 
whereas the W-H approximation is more accurate because includes the strain in the 
crystals and particle morphology. 
 
 
Figure 3-97. (a) W-H plot for Cu-Al2O3 as a function of the volume fraction of α-Al2O3, and 
(b) is a comparison of crystallite sizes between W-H and Scherrer’s equation. 
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3.4.1.3 Effect of milling time on milling of Cu-20 % vol. MCFs. 
Figure 3-98 shows the XRD patterns of Cu-20 vol. % MCFs powder composite after 
milling from 12 to 100 hours; here the three Cu peaks are predominant with no peaks 
for MCFs. The MCFs peaks disappeared into the XRD background due to high 
background scattering and small amounts of MCFs in the mixture. The upper excerpt 
figure in Figure 3-98 shows how the milling time affects the peak shifting and 
broadening obtained from the first Cu (111) high intensity peaks. Note that after 100 
hours of milling, the peak is almost stable, but peak broadening has increased and peak 
intensity has decreased, this indicates a change in the crystallite size and lattice strain 
due to increases in the dislocation density from lattice imperfections in the Cu crystal 
structure.   
 
 
Figure 3-98. XRD patterns of Cu+ 20 vol. % MCFs as a function of milling time with an 
excerpt of the first Cu (111) peaks at the upper right of the figure. 
 
Figure 3-99 shows the crystallite size and lattice strain of Cu + 20 vol. % MCFs powder 
composite as a function of milling time. The crystallite size decreases as the milling 
time increases from 12 to 100 hours, whereas the lattice strain increases as the milling 
time increases. Figure 3-100 (a) shows the W-H approximation plot for calculating the 
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crystallite size and lattice strain of Cu + 20 vol. % MCFs powder composites as a 
function of milling time. Figure 3-101 (b) shows a comparison of the crystallite size 
between the W-H method and Scherrer’s equation and indicates difference in 
crystallite sizes estimated by these methods.  
 
 
Figure 3-99. Crystallite size (a) and lattice strain (b) of Cu-20 % MCFs calculated by W-H 




Figure 3-100. (a) W-H plot for Cu+20 vol. % MCFs as a function of milling times, and (b) a 






185 | P a g e  
 
3.4.1.4 Effect of MCFs amount on milling of Cu-MCFs. 
Figure 3-101 shows how the volume fraction of MCFs affects the XRD patterns of Cu-
MCFs powder composites after 50 hours of milling. The MCFs profile disappeared 
into the XRD pattern due to the low amount of MCFs and high background scattering. 
However, the upper excerpt in Figure 3-101 shows a broadening of the first Cu (111) 
peaks after milling for 50 hours with different volume fractions of MCFs; here the 
peaks are relatively stable as the volume fractions of MCFs increases, whereas peak 
intensity decreases and peak broadening increases.  
 
 
Figure 3-101. XRD patterns of Cu-MCFs as a function of MCFs volume fraction with an 
excerpt of the first Cu (111) peaks at the upper right of the figure. 
 
Figure 3-102 shows the crystallite size and lattice strain of Cu-MCFs powder 
composites as a function of the volume fraction of MCFs. The crystallite size increases 
as the volume fraction of the MCFs increases from 5 to 20 %, while the lattice strain 
decreases as the volume fraction of the MCFs increases. Figure 3-103 (a) shows the 
W-H approximation plot for calculating the crystallite size and lattice strain of Cu-
MCFs powder composites as a function of the volume fraction of MCFs. Figure 3-103 
(b) shows a comparison of the crystallite size between the W-H method and Scherrer’s 
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equation, and indicates the difference in crystallite sizes when estimated by these 
methods. 
 
Figure 3-102. Crystallite size (a) and lattice strain (b) calculated by Williamson-Hall 
approximation as a function of MCFs volume fraction.  
 
 
Figure 3-103. (a) W-H plot for Cu-MCFs as a function of MCFs volume fraction, and (b) a 
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3.4.1.5 Effect of time on milling Cu+10%Al2O3+20%MCFs. 
Figure 3-104 shows the XRD patterns obtained from Cu + 10 % Al2O3 + 20 % MCFs 
hybrid powder composites after milling for 12, 24, 48, 72, and 100 hours. The α-Al2O3 
and MCFs peaks disappeared into the Cu background after milling due to the high 
background scattering and low volume fraction of reinforcements compares to the Cu 
matrix. Moreover, the α-Al2O3 particles are very fine, and are embedded into the XRD 
background, but the α-Al2O3 peak did not appear at volume fraction lower than 13% 
[103]. Furthermore, the upper excerpt in Figure 3-104 shows peak shifting and 
broadening of the first Cu (111) peak as a function of milling times, where the peak 
position shifted slightly to the left after 100 hours of milling, and the peak intensity 
decreased and peak broadening increased. 
 
 
Figure 3-104. XRD Patterns of Cu+10%Al2O3+ 15%MCFs hybrid composite as a function of 
milling time with an excerpt of the first Cu peaks at the upper right of the figure. 
 
Figure 3-105 shows the crystallite size and lattice strain of Cu+10%Al2O3+ 20%MCFs 
powder composites as a function of milling times, where the crystallite size decreases 
as the milling time increased and the lattice strain increased.  The powder particles 
fracture during milling with a continuous deformation that can refine the particle 
grains, increase the lattice strain, and decrease the crystallite size [197]. Figure 3-106 
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(a) shows the W-H approximation plot for calculating the crystallite size and lattice 
strain of Cu+10%Al2O3+ 20%MCFs powder composites as a function of milling times. 
Figure 3-106 (b) shows a comparison of the crystallite size between the W-H method 
and Scherrer’s equation, and indicates the difference in crystallite sizes when these 
methods are used to estimate the crystallize size of Cu+10% Al2O3+ 20% MCFs 
powder composites as a function of milling times. 
 
 
Figure 3-105. Crystallite size (a) and lattice strain (b) of Cu+10%Al2O3+ 20%MCFs 
calculated by W-H approximation as a function of milling time. 
 
 
Figure 3-106. (a) W-H plot for Cu+10%Al2O3+ 20%MCFs as a function of milling time, and 
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3.4.1.6 Effect of MCFs amount on milling Cu+10%Al2O3+MCFs. 
The effects that the volume fraction of MCFs have on the XRD patterns of Cu+10% 
Al2O3+X% MCFs powder composites after 50 hours of milling are shown in Figure 
3-107, where most α-Al2O3 and MCFs peaks disappeared into the XRD background 
due to high background scattering and finer α-Al2O3 particles compared to the Cu 
matrix. Moreover, the α-Al2O3 peak disappeared at volume fraction less than 13 % 
[103]. Furthermore, the upper excerpt in Figure 3-107 shows the peak shifting and 
broadening of the first Cu (111) peak as a function of the volume fraction of MCFs 
where the peak shifted to the left diffraction angle as the volume fraction of MCFs 
increased to 20 %, while the peak intensity decreased and peak broadening increased. 
These results are in consistent with previous studies of Cu based composites with one 
reinforcement material because the Uniball milling technique was not used to make a 




Figure 3-107.  XRD patterns of Cu + 10 % Al2O3 + X % vol. MCFs as a function of the volume 
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Figure 3-108 how the effect of the volume fraction of MCFs affects the crystallite size 
and lattice strain of Cu + 10 % Al2O3 + X % vol. MCFs composites after 50 hour of 
milling, the crystallite size increased and the lattice strain decreased as the volume 
fraction of MCFs increased up to 20 %. Figure 3-109 (a) shows the W-H 
approximation plot for calculating the crystallite size and lattice strain of Cu + 10 % 
Al2O3 + X % vol. MCFs powder composites as a function of the volume fraction of 
MCFs.  Figure 3-109 (b) shows a comparison of the crystallite size between the W-H 
method and Scherrer’s equation indicates the difference in crystallite sizes estimated 
by these methods for a Cu + 10 % Al2O3 + X % vol. MCFs powder composites as a 
function of the volume fraction of MCFs. 
 
Figure 3-108. Crystallite size (a) and lattice strain (b) of Cu+10%Al2O3+ X% vol. MCFs 
calculated by the W-H approximation as a function of the volume fraction of MCFs. 
 
 
Figure 3-109. (a) W-H plot for Cu+10%Al2O3+ X% vol. MCFs as a function of the volume 
fraction of MCFs, and (b) a comparison of the crystallite sizes between W-H method and 
Scherrer’s equation. 
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3.4.2 Consolidation, Vickers microhardness, and density 
Precursor Cu based composite powders were uniaxially hot pressed into a monolithic 
samples using the parameters listed in  
Table 2-5. The 60 minutes of consolidation time was enough to obtain high quality 
dense compacts, but this processing time is shorter than previous studies 
[107,134,136]. Final composites have densities closer to their theoretical density due 
to a successful combination of Uniball milling and uniaxial hot pressing.  An example 
of the final product after hot pressing is shown in Figure 3-110, where any residual 
layers of graphite that might have adhered to the surfaces of the samples from the 
graphite crucible and sheets during hot pressing were removed. 
 
 
Figure 3-110. Cu-based composite (Cu+10%Al2O3) sample after UHP at 960 ºC  for 60 
minutes under 70 MPa applied pressure in an argon atmosphere. 
 
Figure 3-111 shows the influence of milling time and reinforcement volume fraction 
on the Vickers microhardness of Cu-Al2O3 composites. Figure 3-111 (a), shows the 
effect of milling time on a Cu matrix reinforced with 20 vol. % of α-Al2O3 particles. 
Here the microhardness increased as milling time increased from 1.48 GPa at 12 hours 
to 2.3 GPa at 100 hours; compared to an unreinforced Cu matrix (0.56 GPa), this is 
about 3.5 fold increase. The increased hardness in this case stems from strain 
hardening and fracturing at longer milling times as well as hot consolidation process, 
but this increase agree with previous studies [120].  Figure 3-111 (b), shows the effect 
of different volume fraction of α-Al2O3 particles on the Vickers microhardness of Cu-
Al2O3 composites after 50 hours milling compared to the unreinforced Cu matrix 
where the Vickers microhardness increased as the volume fraction of α-Al2O3 
increased from 0.66 GPa with 5 vol. % to 2.01 GPa with 20 vol. %; this increase is due 
to an increasing amounts of the hard particles. Furthermore, this increase of hard 
particles in collaboration with the milling process can increase the dislocation density 
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and strain hardening of the Cu matrix, which then has a positive effect on the surface 




Figure 3-111. Vickers microhardness: (a) Cu+20 vol. % Al2O3 versus milling time, and (b) 
Cu- Al2O3 as a function of α-Al2O3 vol. % after 50 hours milling  
 
 
Figure 3-112 shows the influence of milling time and MCFs volume fraction on the 
Vickers microhardness of Cu-MCFs composites. Figure 3-112 (a), shows the effect of 
milling times on Cu + 20 vol. % of MCFs where the hardness increased from 1.12 GPa 
at 12 hours to 1.41 GPa at 100 hours; compared to the unreinforced Cu matrix (0.56 
GPa) this is about 2.5 fold increase. The increase in hardness with the milling time is 
due to strain hardening, fracturing, and microstructure refining after milling.  Figure 
3-112 (b), shows the effect of different amounts of MCFs on the Vickers 
microhardness of Cu-MCFs composites after 50 hours milling compared to the 
unreinforced Cu matrix, where the Vickers microhardness increased as the volume 
fraction of MCFs increased up to 20 %, however, this increase was from 1.15 GPa 
with 5 vol. % to 1.55 GPa with 20 vol. %. The increase in microhardness of previous 
Cu composites made by ball milling is due to the volume fraction of MCFs, increases 
in the dislocations and lattice imperfections, and strain hardening, all of which have a 
positive effect on the surface resistance of the Cu-MCFs composites.  
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Figure 3-112. Vickers hardness of: (a) Cu+20 vol. % MCFs versus milling times, and (b) Cu-
MCFs composites reinforced as a function of MCFs vol. % after 50 hours milling.  
 
 
Figure 3-113 shows the influence of milling time and the volume fraction of MCFs on 
the Vickers microhardness obtained from Cu-10 % Al2O3-X % MCFs hybrid 
composites. Figure 3-113 (a), shows the effect of milling times on a Cu matrix 
reinforced with 10 vol. % Al2O3 and 20 vol. % MCFs where the microhardness 
increased from 0.94 GPa at 12 hours up to 1.43 GPa at 100 hours; compared to an 
unreinforced Cu matrix (0.56 GPa), this is about 2 fold of increase. The increase in 
microhardness with milling time can also be attributed to the effect of strain hardening, 
particle fracturing, and reinforcement with hard particle during milling.  Figure 3-113 
(b), shows the effect of different volume fractions of MCFs on the Vickers 
microhardness of Cu-10 vol. % Al2O3- X vol. % MCFs composites after 50 hours 
milling compared to the unreinforced Cu matrix. Here the Vickers microhardness 
increased from 0.83 GPa with 5 vol. % to 1.45 GPa with 20 vol. % due to the dual 
reinforcement phases of α-Al2O3 and MCFs. An increase in the MCFs phase with an 
α-Al2O3 phase during milling can cause defects accumulation in the Cu matrix, strain 
hardening, and fracturing into fine grains or grain refinement, all of have a positive 
effect on the surface resistance of these composites. A hybrid composite of Cu 
reinforced with a dual phase of α-Al2O3 and MCFs has not investigated, based on the 
author’s knowledge, and therefore this composite was compared to the unreinforced 
Cu matrix and the previous composite of Cu reinforced with MCFs.   
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Figure 3-113. Vickers hardness of: (a) Cu+10%Al2O3+20%MCFs hybrid composite versus 
milling times, and (b) Cu+10% Al2O3-MCFs hybrid composites as a function of  MCFs vol. 
% after 50 hours milling. 
 
Table 3-9 shows the theoretical densities, Archimedes (practical) densities, and 
relative densities of all the Cu-based composites that were estimated using the 
Archimedes principle and rule of mixture (see section 2.6). The theoretical density of 
Cu-Al2O3 composites decreases as the amount of α-Al2O3 particles increase, as 
happened with Cu-MCFs and Cu-10 % Al2O3-MCFs composites.  This decreasing 
density occurs because the α-Al2O3 particles and MCFs are not as dense as the Cu 
matrix, where the difference in density between the Cu and Al2O3 particles is double, 
and the difference with MCFs is five times as high. A hot consolidation temperature 
of 960 °C helped to produce high quality samples with almost full density. The relative 
densities calculated by dividing the practical density and theoretical density are shown 
in the third tab of Table 3-9; they indicate of the final quality of the product after UHP. 
The increases in density close to the fully dense samples may also be attributed to the 
viscosity of the Cu matrix, that could be further improved at the chosen hot pressing 
temperature. However, a temperature higher than 960 °C may result in the formation 
of unfavourable copper oxide and other undesirable phases; the copper oxide could be 
decomposed at higher temperatures and leave porosity in the Cu matrix. These voids 
have a negative effect on the densification process; moreover, the porosity obstructs 
the dispersion and interaction between Cu matrix and Al2O3 particles or between Cu 
matrix and MCFs. The densification of Cu reinforced with nano Al2O3 particles was 
investigated in previous studies as 93 % at 950 °C [133] and 94.47 % at 1000 °C [117], 
whereas in this thesis, more than 95.6 %  was achieved for all compositions at 960 °C  
within two phase and three phase reinforcement and with no evidence of a copper 
oxide phase. 
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[g/cm3] at 960 °C 
Relative density 
[%] 
Unreinforced Cu matrix 8.89 8.83 ± 0.05 99.3 
Cu+5%MCFs 8.53 8.52 ± 0.05 99.8 
Cu+10%MCFs 8.18 8.13 ± 0.05 99.5 
Cu+15%MCFs 7.72 7.66 ± 0.05 98.2 
Cu+20%MCFs 7.44 7.35 ± 0.05  98.8 
Cu+5%Al2O3 8.65 8.61 ± 0.05 99.5 
Cu+10% Al2O3 8.39 8.26 ± 0.05 98.3 
Cu+15% Al2O3 8.16 8.02 ± 0.05 98.3 
Cu+20% Al2O3 7.90 7.64 ± 0.05 96.6 
Cu+10% Al2O3+  5%MCFs 8.04 7.89 ± 0.05 98.2 
Cu+10% Al2O3+10%MCFs 7.68 7.33 ± 0.05 95.6 
Cu+10% Al2O3+15%MCFs 7.33 7.03 ± 0.05 96.2 
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3.4.3 Microstructure observations  
 
Field emission scanning electron microscopy gives essential details of the composite 
microstructures including the distribution of reinforcement materials, interphase 
intimacy, dispersion between Cu matrix and α-Al2O3 particles and/or MCFs, 
clustering, and other mechanical phenomenon such as twinning. The white regions in 
the SE micrographs indicate the α-Al2O3 particles and impurities while the grey 
background is the Cu matrix. However, in the BS micrographs, the black sites indicate 
α-Al2O3 particles, the grey background is the Cu matrix, and the dark spots are the iron 
contamination from milling operations. The EDS mapping has three different colours 
to identify the elemental analysis of compositional image; red for the Cu matrix, 
turquoise for the α-Al2O3 particles (oxygen + Al), and yellow for Fe impurities.  
 
Figure 3-114 to Figure 3-123 show the SE and BS images of the microstructure of the 
Cu matrix reinforced with 20 vol. % of Al2O3 as a function of different milling times. 
After 12 hours of milling the α-Al2O3 particles were still agglomerated and had slight 
uniformity in different spots (see Figure 3-114), as shown by the EDS mapping in 
Figure 3-115, that indicates contamination by less than 1 wt. % of Fe impurities. 
However, this milling time is not enough to enhance the microstructure and 
mechanical properties. After 24 hours of milling (see Figure 3-116), the α-Al2O3 
particles tended to agglomerate around the grain boundaries of the Cu matrix. The SE 
and BS images show that the Cu particles had flattened and appear as sites free of α-
Al2O3 particles and may indicate partial dispersion on the grain boundaries. The iron 
impurities are clearer at this stage with less than 2 wt. %, as approved by EDS mapping 
and elemental analysis (see Figure 3-117). After 48 hours of milling (see Figure 
3-118), the microstructure is more homogenous and with a uniform distribution of α-
Al2O3 particles. The agglomerations also disappeared at this stage with enhanced 
dispersion of fine α-Al2O3 particles. There are no sites free of reinforcement and some 
Al2O3 particles had fractured into nano sizes less than 100 nm, as approved by an 
image analysis using ImageJ [146]. EDS mapping with elemental analysis of these 
composites is shown in Figure 3-119; it shows the uniform dispersion of α-Al2O3 
particles and less than 2 wt. % of Fe impurities at this stage of milling. Therefore, 50 
hours of milling was used to investigate the effect of the volume fraction of α-Al2O3 
particles on the microstructure and mechanical properties of Cu-Al2O3 composites. 
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Figure 3-120 to Figure 3-123 show the microstructure of Cu matrix reinforced with 20 
vol. % of Al2O3 composites after 72 and 100 hours of milling respectively. The SE and 
BS micrographs and EDS mapping after 72 hours of milling showed the agglomeration 
of fine α-Al2O3 particles and the iron impurities had increases to about 3 wt. %, as 
shown in Figure 3-120 and Figure 3-121. However, there was still a relatively 
homogenous distribution of α-Al2O3 particles at this stage, but after 100 hours of 
milling the micrographs proved that agglomerates of fine α-Al2O3 particles had formed 
along the grain boundaries and the Fe impurities had increases to about 4 wt. %, as 
shown in Figure 3-122 and Figure 3-123. Furthermore, after 100 hours of milling there 
was agglomeration and large areas free of α-Al2O3 particles that have a negative effect 
on the mechanical behaviour of these composites. These results was better than 
previous studies on the nano and micro reinforcement Al2O3 particles 
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Figure 3-114. SE and BS micrographs of Cu+20% Al2O3 showing the distribution of α-Al2O3 
in Cu matrix and other impurities after 12 hours of milling. 
 
 
Figure 3-115. BS micrograph and EDS map of Cu + 20 % Al2O3 after 12 hours of milling. 
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Figure 3-116. SE and BS micrographs of Cu+20% Al2O3 showing the distribution of α-Al2O3 
in Cu matrix and other impurities after 24 hours of milling. 
 
 
Figure 3-117. BS micrograph and EDS map of Cu + 20 % Al2O3 after 24 hours of milling. 
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Figure 3-118. SE and BS micrographs of Cu+20% Al2O3 showing the distribution of α-Al2O3 
in Cu matrix and other impurities after 48 hours of milling. 
 
 
Figure 3-119. BS micrograph and EDS map of Cu + 20 % Al2O3 after 48 hours of milling. 
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Figure 3-120. SE and BS micrographs of Cu+20% Al2O3 showing the distribution of α-Al2O3 
in Cu matrix and other impurities after 72 hours of milling. 
 
 
Figure 3-121. BS micrograph and EDS map of Cu + 20 % Al2O3 after 72 hours of milling. 
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Figure 3-122. SE and BS micrographs of Cu+20% Al2O3 showing the distribution of α-Al2O3 
in Cu matrix and other impurities after 100 hours of milling. 
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Figure 3-124 to Figure 3-131 shows the SE and BS micrographs and EDS maps of 
consolidated Cu-based composites reinforced with 5, 10, 15, and 20 vol. % of Al2O3 
particles. They were prepared from powder composites milled for 50 hours and then 
UHP for 60 minutes at 960 °C. All microstructures show a homogenous distribution 
of α-Al2O3 particles along the Cu matrix. The black spots in SE micrographs are the 
α-Al2O3 particles, the white spots are the iron impurities, and the grey background is 
the Cu matrix. However, in the BS micrographs, the iron impurities are light grey, 
lighter than Cu matrix, which is darker. The iron impurities increase as the volume 
fraction of α-Al2O3 increases because α-Al2O3 particles are harder particles that might 
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Figure 3-124. SE and BS micrographs of Cu+5% Al2O3 showing the distribution of Al2O3 in 
Cu matrix and Fe impurities after 50 hours of milling. 
 
 
Figure 3-125. BS micrograph and EDS map of Cu+5% Al2O3 showing the α-Al2O3 distribution 
in the Cu matrix and the iron impurities after 50 hours of milling. 
 
 
205 | P a g e  
 
 
Figure 3-126. SE and BS micrographs of Cu+10% Al2O3 showing the distribution of Al2O3 in 




Figure 3-127. BS micrograph and EDS map of Cu+10% Al2O3 showing the α-Al2O3 
distribution in the Cu matrix and the iron impurities after 50 hours of milling. 
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Figure 3-128. SE and BS micrographs of Cu+15% Al2O3 showing the distribution of Al2O3 in 




Figure 3-129. BS micrograph and EDS map of Cu+15% Al2O3 showing the α-Al2O3 
distribution in the Cu matrix and the iron impurities after 50 hours of milling. 
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Figure 3-130. SE and BS micrographs of Cu+20% Al2O3 showing the distribution of Al2O3 in 




Figure 3-131. BS micrograph and EDS map of Cu+20% Al2O3 showing the α-Al2O3 
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Figure 3-130 to Figure 3-140 shows the effect of milling times on the microstructure 
of consolidated Cu+20 vol. % MCFs composites, where powder composites of Cu+20 
vol. % MCFs were milled for 12, 24, 48, 72, and 100 hours then consolidated by UHP 
for 60 minutes.  After 12 hours of milling (see Figure 3-132), the MCFs had fractured 
into smaller fragments with a slight uniformity in different spots. This was proved by 
EDS mapping in Figure 3-133, including contamination by less than 2 wt. % of Fe 
impurities. After 24 hours of milling (see Figure 3-134), the MCFs were distributed 
around the grain boundaries of the Cu matrix. The SE and BS micrographs show the 
Cu particles had flattened as large Cu particles pushed the MCFs to the grain 
boundaries. Moreover, the iron impurities at this stage were maintained at less than 2 
wt. %, as proved by EDS mapping (see Figure 3-135). After 48 hours of milling (see 
Figure 3-136), the microstructure was more homogenous, there was uniform 
distribution of MCFs where the agglomerations had disappeared, and the interface 
between Cu matric and MCFs was enhanced. There are no sites free reinforcement and 
some MCFs had fractured into fragments with submicrometric sizes, as approved by 
the image analysis using ImageJ. The EDS mapping and elemental analysis shown in 
Figure 3-137  after 48 hours milling, proved the uniform distribution of MCFs and 
showed less than 2 wt. % of Fe impurities. This stage of milling 50 hours was chosen 
and used to investigate the effect of the volume fraction of MCFs on the microstructure 
and mechanical properties of Cu matrix reinforced with 5, 10, 15, and 20 vol. % of 
MCFs. The SE and BS images in Figure 3-138 and EDS mapping in Figure 3-139 of 
composites microstructures after 72 and 100 hours of milling proved that some 
agglomerates of the MCFs and increases in the iron impurities to about 3 wt. %. 
However, there was still a relatively homogenous distribution of MCFs at this stage of 
milling. The SE micrographs and EDS mapping of composites after 100 hours of 
milling showed a fine microstructure and uniform distribution of submicrometric sizes 
of MCFs along the grain boundaries of Cu matrix.  The grain boundaries are clearer at 
this stage of milling than previous stages where the iron impurities had increases to 
about 3 wt. %, as shown in Figure 3-140 and Figure 3-141. The milling stage after 100 
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Figure 3-132. SE and BS micrographs of Cu+20% MCFs showing the distribution of MCFs 
in Cu matrix and other impurities after 12 hours of milling. 
 
 
Figure 3-133. BS micrograph and EDS mapping of Cu+20%MCFs show the distribution of 
MCFs in the Cu matrix and the location of iron impurities after 12 hours of milling. 
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Figure 3-134. SE and BS micrographs of Cu+20% MCFs showing the distribution of MCFs 
in Cu matrix and other impurities after 24 hours of milling. 
 
 
Figure 3-135. BS micrograph and EDS mapping of Cu+20%MCFs show the distribution of 
MCFs in the Cu matrix and the location of iron impurities after 24 hours of milling. 
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Figure 3-136. SE and BS micrographs of Cu+20% MCFs showing the distribution of MCFs 
in Cu matrix and other impurities after 48 hours of milling. 
 
 
Figure 3-137. BS micrograph and EDS mapping of Cu+20%MCFs show the distribution of 
MCFs in the Cu matrix and the location of iron impurities after 48 hours of milling. 
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Figure 3-138. SE and BS micrographs of Cu+20% MCFs showing the distribution of MCFs 
in Cu matrix and other impurities after 72 hours of milling. 
 
 
Figure 3-139. BS micrograph and EDS mapping of Cu+20%MCFs show the distribution of 
MCFs in the Cu matrix and the location of iron impurities after 72 hours of milling. 
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Figure 3-140. SE and BS micrographs of Cu+20% MCFs showing the distribution of MCFs 
in Cu matrix and other impurities after 100 hours of milling. 
 
 
Figure 3-141. BS micrograph and EDS mapping of Cu+20%MCFs show the distribution of 
MCFs in the Cu matrix and the location of iron impurities after 100 hours of milling. 
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Figure 3-142 to Figure 3-149 shows the microstructure in the SE and BS micrographs, 
and EDS maps of monolithic Cu-based composites reinforced with 5, 10, 15, and 20 
vol. % of MCFs. These composites were prepared from powder composites after 50 
hours milling and then UHP for 60 minutes. All of the microstructures show a 
homogenous distribution of MCFs along the Cu matrix. The black spots in SE images 
are the MCFs, the white spots are the iron impurities from milling, and the grey 
background represents the Cu matrix. In the BS micrographs, the iron impurities are a 
lighter grey than the Cu matrix, which is darker grey. The iron impurities decreased as 
the volume fraction of MCFs increased to 20 % because MCFs might form a 
tribological layer or act as a lubricant during milling that helps reduce any friction 
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Figure 3-142. SE and BS micrographs of Cu+5% MCFs showing the distribution of MCFs in 
the Cu matrix and other impurities after 50 hours of milling. 
 
Figure 3-143. BS micrograph and EDS mapping of Cu+5%MCFs show the MCFs distribution 
in the Cu matrix and the location of iron impurities after 50 hours of milling. 
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Figure 3-144. SE and BS micrographs of Cu+10% MCFs showing the distribution of MCFs 
in the Cu matrix and other impurities after 50 hours of milling. 
 
Figure 3-145. BS micrograph and EDS mapping of Cu+10%MCFs show the MCFs 
distribution in the Cu matrix and the location of iron impurities after 50 hours of milling. 
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Figure 3-146. SE and BS micrographs of Cu+15% MCFs showing the distribution of MCFs 
in the Cu matrix and other impurities after 50 hours of milling. 
 
Figure 3-147. BS micrograph and EDS mapping of Cu+15%MCFs show the MCFs 
distribution in the Cu matrix and the location of iron impurities after 50 hours of milling. 
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Figure 3-148. SE and BS micrographs of Cu+20% MCFs showing the distribution of MCFs 
in the Cu matrix and other impurities after 50 hours of milling. 
 
Figure 3-149. BS micrograph and EDS mapping of Cu+20%MCFs show the MCFs 
distribution in the Cu matrix and the location of iron impurities after 50 hours of milling. 
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Precursor hybrid composite powders of Cu + 10 % Al2O3 + 15 % MCFs were prepared 
via Uniball milling and consolidated via UHP at 960 ± 10 °C for 60 minutes. These 
powders were prepared at 12, 24, 48, 72, and 100 hours of milling times and then UHP 
at 960 °C for 60 minutes into a monolithic product to investigate how the milling time 
affected the microstructure homogeneity and distribution of reinforcement materials. 
The MCFs are black in the SE and BS micrographs while the α-Al2O3 particles are 
white in the SE images and black as MCFs in the BS images, the iron impurities are 
the lighter grey particles dispersed in the dark grey Cu matrix. Figure 3-150 to Figure 
3-159 shows the SE and BS micrographs, and EDS mapping of a monolithic hybrid 
composite of Cu + 10 % Al2O3 + 15 % MCFs as a function of milling times. After 12 
hours of milling (see Figure 3-150), the α-Al2O3 particles had agglomerated close to 
the surfaces of the MCFs and the grain boundaries of the Cu matrix with no uniform 
distribution of the reinforcements along Cu matrix; the EDS mapping in Figure 3-151 
verified this distribution with further elemental analysis. Moreover, the MCFs and 
Al2O3 particles had fractured slightly with iron impurities of less than 2 wt. %. After 
24 hours of milling, (see Figure 3-152), the α-Al2O3 particles have fewer agglomerates 
but the particles are still close to the surfaces of the MCFs and grain boundaries of the 
Cu matrix, and there was no uniform distribution at this stage of milling. The EDS 
mapping in Figure 3-153 verified this inhomogeneous microstructure with a further 
elemental analysis of the compositional image and iron impurities, which remained at 
2 wt. %.  After 48 hours of milling (see Figure 3-154), the Cu particles had flattened 
and the α-Al2O3 particles were distributed along the Cu matrix with the fractured 
MCFs, however these α-Al2O3 particles still has some agglomerates close to the 
surfaces of the MCFs and grain boundaries. After 48 hours of milling, the 
reinforcement materials distribution had improved and a further elemental analysis of 
the BS compositional micrographs showed that the iron impurities are less than 3 wt. 
% (see Figure 3-155). The figures from Figure 3-156 to Figure 3-159 show the SE and 
BS images, and the EDS mapping of Cu hybrid composites after 72 and 100 hours of 
milling respectively. These images and EDS maps verified the inhomogeneity of the 
microstructure with an agglomeration of reinforcement materials along the Cu grain 
boundaries. The microstructure of these composites as a function of milling times was 
compared to the Cu-MCFs composites and Cu-Al2O3 composites because this system 
of hybrid composite has not been investigated in previous studies.  
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Figure 3-150. SE and BS micrographs of Cu + 10 % Al2O3 + 15 % MCFs, showing the 
distribution of α-Al2O3,  MCFs and other impurities in Cu matrix after 12 hours of milling. 
 
 
Figure 3-151. BS micrograph and EDS mapping of Cu+10%Al2O3+15%MCFs showing 
MCFs, α-Al2O3 and the iron impurities in Cu matrix after 12 hours of milling. 
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Figure 3-152. SE and BS micrographs of Cu + 10 % Al2O3 + 15 % MCFs, showing the 
distribution of α-Al2O3,  MCFs and other impurities in Cu matrix after 24 hours of milling. 
 
 
Figure 3-153. BS micrograph and EDS mapping of Cu+10%Al2O3+15%MCFs showing 
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Figure 3-154. SE and BS micrographs of Cu + 10 % Al2O3 + 15 % MCFs, showing the 
distribution of α-Al2O3,  MCFs and other impurities in Cu matrix after 48 hours of milling. 
 
 
Figure 3-155. BS micrograph and EDS mapping of Cu+10%Al2O3+15%MCFs showing 
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Figure 3-156. SE and BS micrographs of Cu + 10 % Al2O3 + 15 % MCFs, showing the 
distribution of α-Al2O3,  MCFs and other impurities in Cu matrix after 72 hours of milling. 
 
 
Figure 3-157. BS micrograph and EDS mapping of Cu+10%Al2O3+15%MCFs showing 
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Figure 3-158. SE and BS micrographs of Cu + 10 % Al2O3 + 15 % MCFs, showing the 
distribution of α-Al2O3,  MCFs and other impurities in Cu matrix after 100 hours of milling. 
 
 
Figure 3-159. BS micrograph and EDS mapping of Cu+10%Al2O3+15%MCFs showing 
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Figure 3-160 to Figure 3-167 shows the SE and BS micrographs, and EDS maps of Cu 
- 10 vol. % - X vol. % MCFs composite system with different volume fractions of 
MCFs. These composites were UHP at 960 ± 10 ºC for 60 minutes from precursor 
powders prepared by 50 hours of milling. Here the Cu matrix are denoted by the grey 
background, the α-Al2O3 particles are dark grey, the iron contamination are white 
spots, and the MCFs are black areas or rods along the Cu matrix. Particles of α-Al2O3 
were distributed along the grain boundaries of the Cu matrix, but not all grain 
boundaries are visible for every composite. The MCFs had fractured into smaller fibres 
and were distributed uniformly along the Cu matrix, while the homogeneity increased 
as the volume fraction of MCFs increased to 20 vol. %. There are iron impurities in 
various locations on the interface between MCFs and the Cu matrix, as well as the       
α-Al2O3 particles. The Cu particles had also decreased in size as the volume fraction 
of MCFs increased to 20 vol. %. Figure 3-160 shows the SE and BS micrographs of 
Cu+10% Al2O3+5% MCFs hybrid monolithic composite with a relatively uniform 
distribution  of α-Al2O3 particles  and MCFs, and also less iron impurities.                      
Figure 3-161 shows the EDS map of a compositional BS micrograph showing the 
elemental analysis of the reinforcement materials and the matrix, both of which 
indicate the distribution and weight fraction of the element in the selected image and 
the weight fraction of the iron impurities. Figure 3-162 shows the SE and BS images 
of Cu+10%Al2O3+10%MCFs hybrid monolithic composite with a more uniform 
distribution  of α-Al2O3 particles  and MCFs and less iron impurities than the previous 
composite; this was verified by EDS mapping (see Figure 3-163).  This increase in the 
volume fraction of MCFs up to 15 and 20 % resulted in better homogeneity of the 
reinforcement materials along the Cu matrix, although some MCFs retained their 
length and indeed were longer than the previous composites as shown in Figure 3-164 
to Figure 3-167 respectively. Moreover, the higher volume fraction of MCFs in the 
presence of Al2O3 particles both tended to hinder the grain growth of Cu particles that 
produced a finer microstructure with better mechanical properties and wear resistance.    
 




Figure 3-160. SE and BS micrographs of Cu+10%Al2O3+5%MCFs, showing the α-Al2O3 
particles, MCFs and the iron impurities in Cu matrix after 50 hours of milling. 
 
 
Figure 3-161. BS micrograph and EDS mapping of Cu+10%Al2O3+5%MCFs showing 
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Figure 3-162. SE and BS micrographs of Cu+10%Al2O3+10%MCFs, showing the α-Al2O3 




Figure 3-163. BS micrograph and EDS mapping of Cu+10%Al2O3+10%MCFs showing 
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Figure 3-164. SE and BS micrographs of Cu+10%Al2O3+15%MCFs, showing the α-Al2O3 




Figure 3-165. BS micrograph and EDS mapping of Cu+10%Al2O3+15%MCFs showing 
MCFs, α-Al2O3 and the iron impurities in Cu matrix after 50 hours of milling. 
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Figure 3-166. SE and BS micrographs of Cu+10%Al2O3+20%MCFs, showing the α-Al2O3 




Figure 3-167. BS micrograph and EDS mapping of Cu+10%Al2O3+20%MCFs showing 
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3.4.4 Uniaxial compression testing 
The engineering stress-strain curves from universal compression testing of Cu - Al2O3, 
Cu - MCFs, Cu - 10 % Al2O3 - MCFs composites are shown in Figure 3-168, Figure 
3-169, and Figure 3-170 respectively. These corrected stress-strain curves were 
compared to an unreinforced Cu sample fabricated by a similar route and under similar 
conditions. The compressive strength of the composites increased as the volume 
fraction of submicrometric α-Al2O3 particles in Cu-Al2O3 composites increased, and 
by increasing the volume fraction of MCFs in Cu-MCFs and Cu - 10 % Al2O3 - MCFs 
composites. Some of the results are dissimilar with the results reported previously that 
show a decrease in the compressive strength as the amount of nano Al2O3 particles in 
Cu-Al2O3 composites increased; but an amount of 15 % Al2O3 also resulted in a 
significant increase [118]. The results of the current research show that the 
compressive strength increased as the volume fraction of submicrometric α-Al2O3 
increased up to 525 ± 11 MPa for Cu reinforced with 20 vol. % Al2O3. The higher 
compressive strength of all the Cu composites was 606 ± 21 MPa for hybrid composite 
of Cu + 10 % Al2O3 + 20 % MCFs; this increase occurred because of the dual effect 
of the α-Al2O3 particles and MCFs that improved the strength of these composites. A 
strengthening mechanism with two-phase reinforcements (short fibres and 
particulates) is still not fully understood, and the interpreting of the strengthening 
mechanisms is still based on models of isotropic continuous fibre reinforcement with 
few modifications. The presence of reinforced particles (submicrometric α-Al2O3 or 
MCFs) resulted in inhomogeneous elastic strains due to higher variances in modulus 
of elasticity of the Cu matrix (117 GPa), Al2O3 particles (360 GPa), and MCFs (≈ 250 
GPs) [3].  
 
The maximum compressive strength for hybrid composites Cu-Al2O3-MCFs is higher, 
but is lower for multi-phase composites Cu-MCFs (see Figure 3-171). Moreover, the 
estimated yield strength (Figure 3-172) is higher for hybrid composite reinforced with 
20 % MCFs and lower for Cu-Al2O3 composite reinforced with 20 % Al2O3, whereas 
the yield strength of other composites with lower reinforcements is higher for Cu-
Al2O3 reinforced with 15 % Al2O3 particles and lower for hybrid composites reinforced 
with 15 % MCFs. There were also slight increases in the modulus of elasticity of all 
composites and the higher increases were reported for hybrid composites as, shown in 
Figure 3-173. 
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Figure 3-174 shows the maximum strain or elongation until the composite samples and 
unreinforced Cu sample fractured. The percentage of elongation or the ductility of the 
samples decreased with the addition of hard particles such as α-Al2O3 or fibres such as 
MCFs as reinforcement phases. The Cu-MCFs composites had a higher elongation 
than the other composites, and Cu reinforced with 5 vol. % MCFs had the highest 
elongation of 0.37, whereas the lowest elongation was 0.079 estimated from Cu - 10 
vol. % Al2O3.  
 
This variance in elastic strains increased the dislocation density at the particles - matrix 
and fibre - matrix interface, and reinforcement particles and fibres may cause higher 
work hardening in the Cu matrix and increase the flow stresses. Furthermore, 
increasing the volume fraction of particles and fibres may cause void initiation, 
growth, coalescence, and fracture of the particles or fibres in the matrix - reinforcement 
interface that could reduce the strain - hardening exponent. These results are in 
consistent with previous studies where Cu based composites (dual phase composites) 
were reinforced with nano and micro particles and fibres; but the hybrid Cu based 
system has not been investigated [132,133,197]. 
 
 
Figure 3-168. Compressive stress-strain curves of Cu + (5-20) % vol. Al2O3 composites 
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Figure 3-169. Compressive stress-strain curves of Cu+ (5-20) % vol. MCFs composites 
compared to unreinforced Cu sample manufactured by similar method. 
 
Figure 3-170. Compressive stress-strain curves of Cu + 10 % Al2O3 + (5-20) % MCFs 
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Figure 3-171. The estimated maximum compression strength of Cu-based composites. 
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Figure 3-173. Comparison between the estimated Young modulus of Cu-based composites. 
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Unreinforced Cu matrix 350 ± 11 125 ± 11 110 ± 10 45.5 
Cu+5%Al2O3 440 ± 22 325 ± 22 120 ± 11 15.9 
Cu+10%Al2O3 475 ± 19 400 ± 19 133 ± 9 7.9 
Cu+15%Al2O3 490 ± 15 425 ± 15 142 ± 10 14.5 
Cu+20%Al2O3 525 ± 11 400 ± 11 156 ± 15 14.6 
Cu+5% MCFs 397 ± 14 275 ± 14 122 ± 8 37 
Cu+10% MCFs 451 ± 18 290 ± 18 136 ± 11 25 
Cu+15% MCFs 474 ± 22 350 ± 22 143 ± 13 15 
Cu+20% MCFs 536 ± 12 475 ± 12 162 ± 15 14 
Cu+10%Al2O3+5% MCFs 495 ± 13 305 ± 13 135 ± 12 9 
Cu+10%Al2O3+10% MCFs 525 ± 18 345 ± 18 144 ± 15 11 
Cu+10%Al2O3+15% MCFs 585 ± 13 410 ± 13 156 ± 20 12 
Cu+10%Al2O3+20% MCFs 606 ± 21 505 ± 21 166 ± 13 13 
 
3.4.5 Ultra-microindentation testing 
Ultra-microindentation tests performed according to the procedures and parameters 
listed in section 2.10, test was carried out on polished plane Cu-based composites 
samples and unreinforced Cu sample. An average of 25 indents was calculated and the 
load displacement curves, hardness, and modulus of elasticity were averaged from the 
raw data. Figure 3-175, Figure 3-178, and Figure 3-181, show the load displacement 
curves of copper composites as a function of the milling time and volume fraction of 
MCFs and α-Al2O3 particles. While Figure 3-176 to Figure 3-183 presents the 
estimated indentation Vickers microhardness and modulus of elasticity of copper -
based composites represented graphically as a function of milling times and the 
volume fraction of MCFs and submicrometric α-Al2O3 particles. These ultra-
microindentation results are consistent with the uniaxial compression testing results of 
these composites and  with previous studies on the cu-based composites reinforced 
with nano or micro Al2O3 particles, and with short carbon fibres, but the hybrid 
composites still have a lack of literature [118,119]. 
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Figure 3-175. Load displacement curves after UMIS testing of Cu+20 vol. % Al2O3 as a 
function of milling times (a), and load displacement curves of Cu + 5, 10, 15, 20 vol. % Al2O3 




Figure 3-176. Indentation microhardness (GPa) (a) and modulus of elasticity (GPa) of Cu+ 
20 % Al2O3 versus milling times after indentation testing.  
 
Figure 3-177. Indentation microhardness (GPa) (a) and modulus of elasticity (GPa) (b), of 
Cu+ (5, 10, 15, 20) vol. % Al2O3 after 50 hours of milling.  
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Figure 3-178. Load displacement curves after UMIS testing of Cu + 20 vol. % MCFs as a 
function of milling times (a), and load displacement curves of Cu + 5, 10, 15, 20 vol. % MCFs 
after 50 hours of milling compared to unreinforced Cu matrix. 
 
 
Figure 3-179. Indentation hardness (GPa) (a) and modulus of elasticity (GPa) of Cu + 20% 
MCFs versus milling times after indentation testing. 
 
 
Figure 3-180. Indentation hardness (GPa) (a) and modulus of elasticity (GPa) (b), of Cu + (5, 
10, 15, 20) vol. % MCFs after 50 hours of milling. 
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Figure 3-181. Load displacement curves after UMIS testing of Cu + 10 vol. % Al2O3  + 15 vol. 
% MCFs as a function of milling times (a), and load displacement curves of Cu + 10 vol. % 
Al2O3 + 5, 10, 15, 20 vol. % MCFs after 50 hours of milling compared to Cu matrix. 
 
 
Figure 3-182. Indentation hardness (GPa) (a) and modulus of elasticity (GPa) of Cu + 10 % 
Al2O3 + 15 % MCFs versus milling times after indentation testing. 
 
 
Figure 3-183. Indentation hardness (GPa) (a) and modulus of elasticity (GPa) (b), of Cu + 10 
vol. % Al2O3  + (5, 10, 15, 20) vol. % MCFs after 50 hours of milling. 
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3.4.6 Abrasive wear testing  
Pin on drum wear testing was carried out on the monolithic Cu-based composites as a 
function of the applied load and volume fraction of reinforcement materials (α-Al2O3 
particles and MCFs). The specific wear rates were calculated based on weight or 
volume loss after abrasive wear testing; and they are plotted against different loads and 
described in the figures below. Figure 3-185 shows the wear rate of Cu-MCFs 
composites as a function of MCFs volume fractions;  
Figure 3-184 shows the effect of submicron Al2O3 volume fraction on wear rates of 
Cu-Al2O3 composites, and Figure 3-186 show the specific wear rate of the hybrid Cu-
10 Al2O3-MCFs composites as a function of the volume fractions of MCFs. Three 
different loads were applied for wear testing to check the variation of the wear rate as 
a function of an applied load. All the results of wear rate and mass or volume loss were 
compared to the monolithic sample of unreinforced Cu matrix that was manufactured 
in a similar route. 
 
The figures show how the load affects the abrasive wear of the Cu matrix and its 
composites; that is, the abrasive wear rate increases as the load increases, and decreases 
as the volume fraction of α-Al2O3 and MCFs increases for all the composites. This is 
similar to indentation tests, where the depth to which the indent will penetrate will 
increase as the load increases. Here, the abrasive particles will penetrate deeper as the 
load increases and subsequent sliding results in a high wear rate. But as the volume 
fraction of fine α-Al2O3 particles or fragments of MCFs increase, the resistance to 
penetration by the abrasive particles increases, and the depth of penetration by the 
abrasive decreases, which improves the abrasive wear resistance. This is due to hard 
ceramic particles (α-Al2O3) or the fragments of MCFs that provide a tribolayer, which 
acts as a dry lubricant that reduces friction and increases wear resistance. These results 
are consistent with previous studies where the Cu based composites were reinforced 
with nano and micro reinforcement materials such nano and micro Al2O3 and short 
carbon fibres [118,119,132,133,199]. However, in the literature there is no evidence 
of an investigation into the tribological performance of Cu based hybrid composites 








Figure 3-184. Specific wear rate of Cu-Al2O3 composites as a function of the volume 
fraction of Al2O3 and applied load compared to unreinforced Cu samples. 
 
 
Figure 3-185. Specific wear rate of Cu-MCFs composites as a function of the volume 








































































































Figure 3-186. Specific wear rate of Cu-10 % Al2O3-MCFs composites as a function of the 
volume fraction of MCFs and applied load compared to unreinforced Cu samples.  
 
To understand the wear mechanism, the worn surfaces of composite samples were 
investigated using SEM. The SE micrographs of the worn surfaces of hybrid Cu + 10% 
Al2O3 + X MCFs composites are shown in Figure 3-187 and Figure 3-188. These 
figures with different volume fractions of MCFs and fixed amounts of α-Al2O3 
particles show clear grooves in Figure 3-187 (a) with 5 vol. % of MCFs that were 
caused by shearing and abrasion. These grooves become smoother and indistinct with 
higher volume fraction of MCFs up to 20 vol. % as shown in Figure 3-187 (d).  The 
higher magnification images in Figure 3-188 show the clear wear tracks (grooves), 
pores, delamination sites, and wear debris on the worn surface after particle pull-out, 
which might reduce the operative interaction area between the pin composites sample 
and abrasive surface on the drum. The wear mechanisms at low loads are mostly 
grooving and micro-ploughing. The wear debris due to micro-ploughing shown in 
Figure 3-188 (a) looks like irregular agglomerates of composites or fibre fragments, 
and some Al2O3 agglomerates. Small flakes of delaminated material are also shown 
in Figure 3-188 (b) and (c). Plastic deformation leads to plastic instability, which 
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Figure 3-187. SE micrographs of the worn surfaces of composites (pin) after wear testing, (a) 
Cu + 10 vol. % Al2O3 + 5 vol. % MCFs, (b) Cu + 10 vol. % Al2O3 + 10 vol. % MCFs, (c) Cu 
+ 10 vol. % Al2O3 + 15 vol. % MCFs, and (d) Cu + 10 vol. % Al2O3+ 20 vol. % MCFs. 
 
 
Figure 3-188. High magnification SE micrographs of worn surfaces of composites (pin) after 
wear testing, (a) Cu +10 vol. % Al2O3 + 5 vol. % MCFs, (b) Cu +10 vol. % Al2O3 + 10 vol. % 
MCFs, (c) Cu +10vol.%Al2O3 +15 vol. %MCFs, and (d) Cu +10 vol.%Al2O3 + 20vol.% MCFs.  
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Chapter 4: Conclusions and Recommendations 
4.1 Summary and conclusions  
This thesis has examined the effect that very fine particulates and milled carbon fibres 
have on the microstructure, physical characteristics, mechanical properties, and 
abrasive wear resistance of multiphase and hybrid Al and Cu based MMCs fabricated 
via the PM method. This was carried out by utilising submicrometric α-Al2O3 particles 
and MCFs as reinforcement materials with different volume fractions to prepare 
powders with different milling times, and by preparing precursor composite powders 
for uniaxial hot pressing to fabricate a monolithic strengthen Al and Cu based 
composites. The microstructures and properties of the final composites were then 
compared to unreinforced samples of Al and Cu matrices fabricated using a similar 
processing method, and with some literature. The main summaries and conclusions for 
all the composites are as follows.  
 
1. The magnetic control Uniball milling process was used to produce multiphase 
and hybrid composite precursor powders of Al - Al2O3, Al - MCFs, Al - Al2O3 - 
MCFs, Cu - Al2O3, Cu -MCFs, and Cu - Al2O3 - MCFs with of stearic acid as 
the process control agent (PCA). The effects of milling time and volume fraction 
of reinforcement materials on the milled powders and consolidated composites 
were investigated and optimised to produce suitable precursor composite 
powders. The optimised milling parameters using selected Uniball mill devices, 
were 50 hours for milling times, 65 rpm for milling speed, 300 KPa argon 
atmosphere pressure, and  27:1 the ball to powder mass ratio. These parameters 
produced fine powders with a homogenous distribution of the reinforcement 
materials.  
 
2. Microstructural and XRD results revealed that Al and Cu particle fracturing, 
defect accumulation, and grain refinement improved during the magnetic control 
Uniball milling due to the presence of the α-Al2O3 particles and milled carbon 
fibres phases and their interactions with particular metal matrices (Al and Cu). 
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3. The conventional uniaxial hot pressing technique was used to consolidate the 
composite powders of Al - Al2O3, Al - MCFs, Al - Al2O3 - MCFs, Cu - Al2O3, 
Cu - MCFs, and Cu - Al2O3 - MCFs into a dense monolithic cylindrical shaped 
samples. The processing parameters were 70 MPa of uniaxial applied pressure 
for all composites, about 15 minutes of processing time for Al-based composites 
and about 60 minutes for Cu-based composites. The maximum temperature used 
for the UHP of Al-based composites was 600 ± 10 °C while Cu-based 
composites were hot consolidated at temperature of 960 ± 10 °C. These 
parameters produced final monolithic composites with more than 99 % of 
theoretical density for Al-based composites and more than 95 % of theoretical 
density for Cu - based composites. 
 
4. The Vickers microhardness, ultimate compressive strength, maximum 
compressive strain, Young’s modulus of elasticity, and ultra-microindentation 
hardness increased as the volume fraction of Al2O3 increased to 10 vol.% in Al-
based composites and to 20 vol. % in Cu-based composites. Milled carbon fibres 
helped to increase the mechanical properties (ultimate strength and modulus of 
elasticity) to a higher level compared to unreinforced matrices, but they did not 
have the same effect on microhardness. The higher microhardness and good 
compressive strength is due to the homogenous distribution of fine particles and 
MCFs with improved fine dispersion of α-Al2O3 and MCFS in Al and Cu 
matrices, and the achievement of near full density products using uniaxial hot 
pressing that created strain defects due to fast heating and cooling rates. This 
increase of the microhardness by increasing the volume fraction of the 
reinforcement materials is mainly due to the particle grain refinement and 
strengthening mechanisms.  
 
5. The samples of Al - Al2O3 composites have an improved abrasive wear 
resistance as the volume fraction of α-Al2O3 increased up to 10 vol. %. The 
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6. The distribution and orientation of MCFs in the Al and Cu matrices relatively 
uniform and randomly oriented, and no Al4C3 or other reaction phase products 
were found in the Al and Cu based composites. This indicates that the processing 
times were enough to prevent the formation of an undesirable carbide phase that 
could have a negative effect on the mechanical properties of the composites.  
 
7. The ultimate compressive strength of Al + 20 vol. % MCFs composite was 
790 MPa, a 50 % improvement compared to the unreinforced Al matrix, and the 
Young's modulus improved by 40 %. The failure mechanism of the Al-MCFs 
and Cu-MCFs composites was 45 ° shear fracture; this indicated that interface 
bonding had improved and strong while the failure mechanism of hybrid 
composites was identified by cracking parallel to the sample height, after which 
the sample fractured into more than three pieces. The absence of an undesirable 
third phase layer between Al and MCFs was verified by the high compression 
properties. 
 
8. The abrasive wear results indicated a reduction of mass loss and specific wear 
rate as the volume fraction of MCFs increased, so the addition of MCFs may 
help to improve the abrasive wear via a mechanism involving abraded surface 
debris and/or the formation of a tribological graphite layer. This tribological 
layer will act as a lubricant to prevent the counterpart components from 
continuous wear in two body-sliding applications, particularly against hard 
materials with a high cost of replacement. 
 
9.  The possible wear mechanisms for Al based and Cu based composites 
reinforced with Al2O3 and MCFs as binary or hybrid composite are micro-
ploughing, delamination, and the formation of micro-crack. These mechanisms 
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4.2 Recommendations for future work 
Below are a number of recommendations for future work to improve the performance 
of Al and Cu based composites and to full understand how these composites behave in 
every application with different particle sizes and volume fractions of reinforcement 
materials. These recommendations are: 
 
▪ The preparation of homogeneous dispersions of ultrafine (submicrometric or nano 
size) particles and short fibres or milled fibres reinforcement is still a challenge. 
The problem related to agglomeration and aggregation after processing and 
manufacturing composites that can have a negative effect on the mechanical 
properties. This means that other methods of consolidation (e.g., HIP, PPS, Stir 
casting, and pressure infiltration) should also be investigated after using the mixing 
technique or milling by the magnetic control Uniball mill.  
 
▪ Given the attractive results for the current combination of metal powder and 
secondary phases, other reinforcement particulates and short fibres in nanometric 
sizes can now be investigated using the same approach. These include 
technologically important ceramics and non-metals: Al2O3, TiC, TiO2, SiO2, B4C, 
TiB2, milled carbon nanotubes, and milled carbon nano-rods which can be selected 
and studied as reinforcements for two phase or three phase (hybrid) composite. 
These reinforcement materials are expected to have a significant effect on the 
ageing kinetics, the mechanical and thermal properties, wear resistance, and the 
high-temperature resistance, and corrosion resistance of Al and Cu based 
composites.  
 
▪ Differential thermal analysis (DTA or DSC) combined with XRD might be used 
to identify thermal events such as recrystallisation and phase changes induced 
during different stages of milling and/or consolidating the composites. This can 
help when selecting of the appropriate milling and consolidation parameters for 
further production of such composites. Moreover, it indicates the complete 
transformation or reaction into new and suitable phases. 
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▪ During uniaxial compression testing, different strain rates and aspect ratios must 
be applied to further understand how particulates and milled carbon fibres (short 
fibres) affect the ultimate compressive strength, the yield strength, the modulus of 
elasticity, and the ductility of composites. With the availability of strain rate 
sensitivity data on the different composites, it is now possible to predict the 
dynamic properties and the best methods to manufacture these composites. 
 
▪ Additional mechanical tests such as the tensile behaviour (tension test), thermal 
behaviour (thermal conductivity and thermal expansion), flexural strength, 
bending, creep, fracture and fatigue test, corrosion, and pin (or ball) on discs wear 
test using composites as the disc, should also be carried out to evaluate how the 
Al and Cu based composites perform under various mechanical and wear 
environments. 
 
▪ This manufacturing route used in this thesis could be used for future research in 
the field to further improve the consolidation as that a fully dense composite 






248 | P a g e  
 
References 
[1] T.W. Gustafson, P.C. Panda, G. Song, R. Raj, Influence of microstructural scale 
on plastic flow behavior of metal matrix composites, Acta Mater. 45 (1997) 
1633–1643. 
[2] K.U. Kainer, Metal matrix composites: custom-made materials for automotive 
ans aerospace engineering, WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim, Germany, 2006. 
[3] W. Krenkel, R. Naslain, H. Schneider, K.U. Kainer, High Temperature Ceramic 
Matrix Composites, John Wiley & Sons, Inc., 2006. 
[4] N. Natarajan, V. Krishnaraj, J. Paulo Davim, Metal Matrix Composites 
Synthesis, Wear Characteristics, Machinability Study of MMC Brake Drum, 
Springer Cham Heidelberg, New York, 2015. 
[5] Y. Nishida, Introduction to Metal Matrix Composites: Fabrication and 
Recycling, 2013. 
[6] N. Chawla, K.K. Chawla, Metal Matrix Composites, Springer, New York, 2004. 
[7] B. Terry, G. Jones, Metal matrix composites: current developments and future 
trends in industrial research and applications, Oxford, UK : Elsevier Advanced 
Technology, 1990. 
[8] M.D. Huda, M.S.J. Hashmi, M.A. El-Baradie, MMCs: Materials, 
Manufacturing and Mechanical Properties, Key Eng. Mater. 104–107 (1995) 
37–64. 
[9] D.B. Miracle, Metal matrix composites - From science to technological 
significance, Compos. Sci. Technol. 65 (2005) 2526–2540. 
[10] T.W. Clyne, An introductory overview of MMC systems, types, and 
developments, in: Compr. Compos. Mater., UK, 2000. 
[11] Naresh Prasad, Development and Characterization of Metal Matrix Composite 
Using Red Mud an Industrial Waste for Wear Resistant Applications, National 
Institute of Technolog, India, 2006. 
[12] M. Taya, Strengthening mechanisms of metal matrix composites, Mater. Trans. 
JIM. 32 (1991) 1–19. 
[13] F. Mirza, D. Chen, A Unified Model for the Prediction of Yield Strength in 
Particulate-Reinforced Metal Matrix Nanocomposites, Materials (Basel). 8 
(2015) 5138–5153. 
[14] R. Casati, M. Vedani, Metal Matrix Composites Reinforced by Nano-
Particles—A Review, Metals (Basel). 4 (2014). 
[15] J.A. Nairn, On the use of shear-lag methods for analysis of stress transfer in 
unidirectional composites, Mech. Mater. 26 (1997) 63–80. 
[16] I.J. Beyerlein, C.M. Landis, Shear-lag model for failure simulations of 
unidirectional fiber composites including matrix stiffness, Mech. Mater. 31 
(1999) 331–350. 
[17] C.M. Landis, R.M. McMeeking, A shear-lag model for a broken fiber embedded 
in a composite with a ductile matrix, Compos. Sci. Technol. 59 (1999) 447–
 
249 | P a g e  
 
457. 
[18] M. Kato, Hall-Petch Relationship and Dislocation Model for Deformation of 
Ultrafine-Grained and Nanocrystalline Metals, Mater. Trans. 55 (2014) 19–24. 
[19] R.W. Armstrong, Hall-Petch Relationship : Use in Characterizing Properties of 
Aluminum and Aluminum Alloys, Encycl. Alum. Its Alloy. (2016) 1–33. 
[20] S. Queyreau, G. Monnet, B. Devincre, Orowan strengthening and forest 
hardening superposition examined by dislocation dynamics simulations, Acta 
Mater. 58 (2010) 5586–5595. 
[21] S. Seal, S.C. Kuiry, P. Georgieva, A. Agarwal, Manufacturing Nanocomposite 
Parts : Present Status and Future Challenges, MRS Bull. 29 (2004) 16–21. 
[22] D.K. Koli, G. Agnihotri, R. Purohit, A Review on Properties, Behaviour and 
Processing Methods for Al- Nano Al2O3 Composites, Procedia Mater. Sci. 6 
(2014) 567–589. 
[23] D.K. Koli, G. Agnihotri, R. Purohit, Properties and Characterization of Al-
Al2O3 Composites Processed by Casting and Powder Metallurgy Routes ( 
Review ), Int. J. Latest Trends Eng. Technol. 2 (2013) 486–496. 
[24] M.K. Surappa, Aluminium Matrix Composites: Challenges and Opportunities, 
Sadhana. 28 (2003) 319–334. 
[25] R. Asthana, Solidification Processing of Reinforced Metals: Properties of Cast 
Composites, Key Eng. Mater. 151–152 (1998) 6–86. 
[26] H.R. Ezatpour, S.A. Sajjadi, M.H. Sabzevar, Y. Huang, Investigation of 
microstructure and mechanical properties of Al6061-nanocomposite fabricated 
by stir casting, Mater. Des. 55 (2014) 921–928. 
[27] H. Kala, K.K.S. Mer, S. Kumar, A Review on Mechanical and Tribological 
Behaviors of Stir Cast Aluminum Matrix Composites., Procedia Mater. Sci. 6 
(2014) 1951–1960. 
[28] K. Shirvanimoghaddam, S.U. Hamim, M. Karbalaei Akbari, S.M. Fakhrhoseini, 
H. Khayyam, A.H. Pakseresht, E. Ghasali, M. Zabet, K.S. Munir, S. Jia, J.P. 
Davim, M. Naebe, Carbon fiber reinforced metal matrix composites: 
Fabrication processes and properties, Compos. Part A Appl. Sci. Manuf. 92 
(2017) 70–96. 
[29] J.M. Torralba, C.E. Da Costa, F. Velasco, P/M aluminum matrix composites: 
An overview, in: J. Mater. Process. Technol., 2003: pp. 203–206. 
[30] M.S. El-Eskandarany, Mechanical Alloying for Fabrication of Advanced, 2001. 
[31] R.H.R.C. and K. Van Benthem, Sintering: Mechanims of Convention 
Nanodensification and Field Assisted Processes, Springer Berlin Heidelberg, 
Berlin, Heidelberg, 2013. 
[32] F. Heringhaus, D. Raabe, Recent advances in the manufacturing of copper-base 
composites, J. Mater. Process. Technol. 59 (1996) 367–372. 
[33] Z. Jing, Y. Huashun, C. Hongmei, M. Guanghui, Al-Si/Al2O3 in situ composite 
prepared by displacement reaction of CuO/Al system, Res. Dev. 9 (2010) 19–
23. 
[34] M.R. Hanabe, P. B. Aswath, Al2O3/Al particle-reinforced aluminum matrix 
 
250 | P a g e  
 
composite by displacement reaction, J. Mater. Res. 11 (1996) 1562–1569. 
[35] P. Guyot, V. Rat, J.F. Coudert, F. Jay, A. Maître, N. Pradeilles, Does the Branly 
effect occur in spark plasma sintering?, J. Phys. D. Appl. Phys. 45 (2012) 92001. 
[36] J.S. Benjamin, Mechanical alloying, Sci. Am. 54 (1976) 40–48. 
[37] J.S. Benjamin, T.E. Volin, The mechanism of mechanical alloying, Metall. 
Trans. 5 (1974) 1929–1934. 
[38] Gordon Lloyd Fisher, N.J. Mahwah, C.R. Cupp, N. Suffern, Mechanical 
Alloying and Interdispersion Cold Bonding Agents Therefor, 3,865,572, 1975. 
[39] J.L.F. Kellie, J. V. Wood, Applications of novel metal powders, Powder Metall. 
43 (2000) 105. 
[40] C. Suryanarayana, Mechanical alloying and milling, Prog. Mater. Sci. 46 (2001) 
1–184. 
[41] B.S. Murty, S. Ranganathan, Novel materials synthesis by mechanical 
alloying/milling, Int. Mater. Rev. 43 (1998) 101–141. 
[42] C. Suryanarayana, E. Ivanov, V.. Boldyrev, The science and technology of 
mechanical alloying, Mater. Sci. Eng. A. 304–306 (2001) 151–158. 
[43] C. Suryanarayana, Synthesis of nanocomposites by mechanical alloying, J. 
Alloys Compd. 509 (2011) S229–S234. 
[44] M.R. Rezvani, A. Shokuhfar, Synthesis and characterization of nano structured 
Cu-Al-Mn shape memory alloy by mechanical alloying, Mater. Sci. Eng. A. 532 
(2012) 282–286. 
[45] W. Schlump, H. Grewe, E. Arzt, L. Schultz, G. Jangg, E. Arzt, L. Schultz, New 
Materials by Mechanical Alloying Techniques, 1989. 
[46] C. Suryanarayana, Mechanical Alloying, in: Pergamon Mater. Ser., Elsevier 
Ltd, 1998: p. 37. 
[47] Z. Gnjidic, J. Grbovic, M. Mitkov, D. Bozic, Influence of SiC particles 
oncompressive strength of sintered aluminium alloy, Powder Metall. 46 (2003) 
21–24. 
[48] A. Calka, B. Ninham, Ball milling apparatus, United States Patent  5,383,615, 
1995. 
[49] C. Suryanarayana, Non-equilibrium processing of materials, Elsevier Science 
Ltd, 1999. 
[50] C.C. Koch, J.D. Whittenberger, Mechanical milling/alloying of intermetallics, 
Intermetallics. 4 (1996) 339–355. 
[51] C.C. Koch, Materials Synthesis by Mechanical Alloying, Annu. Rev. Mater. 
Sci. 19 (1989) 121–143. 
[52] P. Soni, Mechanical alloying: fundamentals and applications, 1st ed., 
Cambridge International Science Publishing, Cambridge, UK, 2001. 
[53]  www. ats-scientific. com/products/8000m-mixer-mil. ATS Scientific INC, 
Mixer/Mill 8000M and 8000D, (n.d.). 
[54] M. Abdellaoui, E. Gaffet, The physics of mechanical alloying in a planetary ball 
 
251 | P a g e  
 
mill: Mathematical treatment, Acta Metall. Mater. 43 (1995) 1087–1098. 
[55] H. Mio, J. Kano, F. Saito, K. Kaneko, Effects of rotational direction and 
rotation-to-revolution speed ratio in planetary ball milling, Mater. Sci. Eng. A. 
332 (2002) 75–80. 
[56] T. K. Wassel, L. Himmel, A study of Mechnical Alloying of Metal Powders, 
Warren, USA, 1981. 
[57] A. Calka, A.. Radlinski, Universal high performance ball-milling device and its 
application for mechanical alloying, Mater. Sci. Eng. A. 134 (1991) 1350–1353. 
[58] B.T. AL-Mosawi, D. Wexler, A. Calka, Characterization and mechanical 
properties of α-Al2O3 particle reinforced aluminium matrix composites, 
synthesized via uniball magneto-milling and uniaxial hot pressing, Adv. Powder 
Technol. 28 (2016) 1054–1064. 
[59] Hitoshi Hashimoto, Ryuzo Watanabe, Model Simulation of Energy 
Consumption during Vibratory Ball Milling of Metal Powder, Mater. Trans. 
JIM. 31 (1990) 219–224. 
[60] R.L. Deuis, C. Subramanian, J.M. Yellupb, Dry Sliding Wear of Aluminium 
Composites-a Review, Compos. Sci. Technol. 57 (1997) 415–435. 
[61] B. Prabhu, C. Suryanarayana, L. An, R. Vaidyanathan, Synthesis and 
characterization of high volume fraction Al–Al2O3 nanocomposite powders by 
high-energy milling, Mater. Sci. Eng. A. 425 (2006) 192–200. 
[62] C. Suryanarayana, N. Al-Aqeeli, Mechanically alloyed nanocomposites, Prog. 
Mater. Sci. 58 (2013) 383–502. 
[63] R.F. Singer, W.C. Oliver, W.D. Nix, Identification of dispersoid phases created 
in aluminum during mechanical alloying, Metall. Trans. A. 11 (1980) 1895–
1901. 
[64] B. Prabhu, Microstructural and mechanical characterization of Al-Al2O3 
nanocomposites synthesized by high-energy milling, University of Central 
Florida,Orlando, Florida, 2005. 
[65] M.J. Luton, C.S. Jayanth, M.M. Disko, S. Matras, J. Vallone, Cryomilling of 
nano-phase dispersion strengthened aluminum, Mater. Res. Soc. Symp. 
Proceeding. 132 (1989) 76–86. 
[66] R. Maiti, M. Chakraborty, Synthesis and characterization of molybdenum 
aluminide nanoparticles reinforced aluminium matrix composites, J. Alloys 
Compd. 458 (2008) 450–456. 
[67] X. Shengqi, Q. Xiaoyan, M. Mingliang, Z. Jingen, Z. Xiulin, W. Xiaotian, 
Solid-state reaction of Al/CuO couple by high-energy ball milling, J. Alloys 
Compd. 268 (1998) 211–214. 
[68] O. Yilmaz, S. Buytoz, Abrasive wear of Al2O3-reinforced aluminium-based 
MMCs, Compos. Sci. Technol. 61 (2001) 2381–2392. 
[69] S. Buytoz, O. Yilmaz, Influence of thermal properties on microstructure and 
adhesive wear behaviour of Al/Al2O3 MMCs, Mater. Sci. Technol. 22 (2006) 
687–697. 
[70] T.G. Durai, K. Das, S. Das, Synthesis and characterization of Al matrix 
 
252 | P a g e  
 
composites reinforced by in situ alumina particulates, Mater. Sci. Eng. A. 445–
446 (2007) 100–105. 
[71] T.G. Durai, K. Das, S. Das, Corrosion behavior of Al–Zn/Al2O3 and Al–Zn–
X/Al2O3 (X=Cu, Mn) composites synthesized by mechanical–thermal 
treatment, J. Alloys Compd. 462 (2008) 410–415. 
[72] M. Tavoosi, F. Karimzadeh, M.H. Enayati, Fabrication of Al-Zn/α-Al2O3 
nanocomposite by mechanical alloying, Mater. Lett. 62 (2008) 282–285. 
[73] M. Tavoosi, F. Karimzadeh, M.H. Enayati, A. Heidarpour, Bulk Al–Zn/Al2O3 
nanocomposite prepared by reactive milling and hot pressing methods, J. Alloys 
Compd. 475 (2009) 198–201. 
[74] T.G. Durai, K. Das, S. Das, Wear behavior of nano structured Al (Zn)/Al2O3 
and Al (Zn)-4Cu/Al2O3 composite materials synthesized by mechanical and 
thermal process, Mater. Sci. Eng. A. 471 (2007) 88–94. 
[75] P. Yu, C.J. Deng, N.G. Ma, D.H.L. Ng, A new method of producing uniformly 
distributed alumina particles in Al-based metal matrix composite, Mater. Lett. 
58 (2004) 679–682. 
[76] Z.R. Hesabi, A. Simchi, S.M.S. Reihani, Structural evolution during mechanical 
milling of nanometric and micrometric Al2O3 reinforced Al matrix composites, 
Mater. Sci. Eng. A. 428 (2006) 159–168. 
[77] S.M. Zebarjad, S. a. Sajjadi, Dependency of physical and mechanical properties 
of mechanical alloyed Al-Al2O3 composite on milling time, Mater. Des. 28 
(2007) 2113–2120. 
[78] S.M. Zebarjad, S. a. Sajjadi, Microstructure evaluation of Al-Al2O3 composite 
produced by mechanical alloying method, Mater. Des. 27 (2006) 684–688. 
[79] J.L. Hernández Rivera, J.J. Cruz Rivera, V. Paz del ángel, V. Garibay Febles, 
O. Coreño Alonso, R. Martínez-Sánchez, Structural and morphological study of 
a 2024 Al-Al2O3 composite produced by mechanical alloying in high energy 
mill, Mater. Des. 37 (2012) 96–101. 
[80] I. Ozdemir, S. Ahrens, S. Mücklich, B. Wielage, Nanocrystalline Al-Al2O3p 
and SiCp composites produced by high-energy ball milling, J. Mater. Process. 
Technol. 205 (2008) 111–118. 
[81] H.W. Huo, K.D. Woo, G.S. Guo, D.L. Zhang, Effect of high energy ball milling 
on the displacement reaction in particulate reinforced Al–Si–Cu alloy matrix 
composite powders, J. Mater. Sci. 42 (2007) 59–65. 
[82] N. Purohit, K.K.S. Mer, Wear Characteristics of Aluminium Matrix Nano- 
Composites Reinforced with Alumina Nano-particles, in: Proc. Int. Conf. 
Emerg. Trends Eng. Technol. Wear, 2013: pp. 651–658. 
[83] A.W.A. Moustafa M. M. Mohammed, Omayma A. Elkady, Effect of Alumina 
Particles Addition on Physico-Mechanical Properties of AL-Matrix 
Composites, Open J. Met. 3 (2013) 72–79. 
[84] M. Tabandeh-khorshid, J.B.B. Ferguson, B.F. Schultz, C. Kim, K. Cho, P.K. 
Rohatgi, Strengthening mechanisms of graphene- and Al2O3 -reinforced 
aluminum nanocomposites synthesized by room temperature milling, Mater. 
Des. 92 (2016) 79–87. 
 
253 | P a g e  
 
[85] S.S. Razavi-Tousi, R. Yazdani Rad, E. Salahi, I. Mobasherpour, M. Razavi, 
Production of Al-20 wt.% Al2O3 composite powder using high energy milling, 
Powder Technol. 192 (2009) 346–351. 
[86] S.S. Razavi-Tousi, R. Yazdani-Rad, S.A. Manafi, Effect of volume fraction and 
particle size of alumina reinforcement on compaction and densification 
behavior of Al-Al2O3 nanocomposites, Mater. Sci. Eng. A. 528 (2011) 1105–
1110. 
[87] Nuruzzaman, D.M., F.F.B. Jamaludin, S.N.S., Kamaruzaman, S. Basri, 
N.A.M.B. Zulkifli, Fabrication and Mechanical Properties of Aluminium-
Aluminium Oxide Metal Matrix Composites, Int. J. Mech. Mechatronics Eng. 
IJMME-IJENS. 15 (2015) 68–75. 
[88] L.J. Yang, A methodology for the prediction of standard steady-state wear 
coefficient in an aluminium-based matrix composite reinforced with alumina 
particles, J. Mater. Process. Technol. 162–163 (2005) 139–148. 
[89] L.J. Yang, Wear coefficient equation for aluminium-based matrix composites 
against steel disc, Wear. 255 (2003) 579–592. 
[90] L.J. Yang, The transient and steady wear coefficients of A6061 aluminium alloy 
reinforced with alumina particles, Compos. Sci. Technol. 63 (2003) 575–583. 
[91] L.J. Yang, A test methodology for the determination of wear coefficient, Wear. 
259 (2005) 1453–1461. 
[92] M. Kök, Abrasive wear of Al2O3 particle reinforced 2024 aluminium alloy 
composites fabricated by vortex method, Compos. Part A Appl. Sci. Manuf. 37 
(2006) 457–464. 
[93] K. Do Woo, H.B. Lee, Fabrication of Al alloy matrix composite reinforced with 
subsive-sized Al2O3 particles by the in situ displacement reaction using high-
energy ball-milled powder, Mater. Sci. Eng. A. 449 (2007) 829–832. 
[94] A. Shafiei-Zarghani, S.F. Kashani-Bozorg, A.Z.- Hanzaki, Wear assessment of 
Al/Al2O3 nano-composite surface layer produced using friction stir processing, 
Wear. 270 (2011) 403–412. 
[95] N. Parvin, M. Rahimian, The characteristics of alumina particle reinforced pure 
Al matrix composite, Acta Phys. Pol. A. 121 (2012) 108–110. 
[96] Z.M. Gasem, A.M. Al-qutub, Corrosion Behavior of Powder Metallurgy 
Aluminum Alloy 6061/Al2O3 Metal Matrix, in: 6th Saudi Eng. Conf., KFUPM, 
Dhahran, 2002: pp. 271–281. 
[97] A. Miserez, A. Mortensen, Fracture of aluminium reinforced with densely 
packed ceramic particles: Influence of matrix hardening, Acta Mater. 52 (2004) 
5331–5345. 
[98] A. Miserez, R. Müller, A. Rossoll, L. Weber, A. Mortensen, Particle reinforced 
metals of high ceramic content, Mater. Sci. Eng. A. 387–389 (2004) 822–831. 
[99] A. Miserez, A. Rossoll, A. Mortensen, Fracture of aluminium reinforced with 
densely packed ceramic particles: Link between the local and the total work of 
fracture, Acta Mater. 52 (2004) 1337–1351. 
[100] M. Kouzeli, L. Weber, C. San Marchi, A. Mortensen, Influence of damage on 
the tensile behaviour of pure aluminium reinforced with ≥40 vol. pct alumina 
 
254 | P a g e  
 
particles, Acta Mater. 49 (2001) 3699–3709. 
[101] M.P. Reddy, F. Ubaid, R.A. Shakoor, G. Parande, V. Manakari, A.M.A. 
Mohamed, M. Gupta, Effect of reinforcement concentration on the properties 
of hot extruded Al-Al2O3 composites synthesized through microwave sintering 
process, Mater. Sci. Eng. A. 696 (2017) 60–69. 
[102] F. He, Q. Han, M. Jackson, Nanoparticulate reinforced metal matrix 
nanocomposites–a review, Int. J. Nanoparticles. 1 (2008) 301–309. 
[103] A. Fathy, O. El-Kady, Thermal expansion and thermal conductivity 
characteristics of Cu–Al2O3 nanocomposites, Mater. Des. 46 (2013) 355–359. 
[104] D.W. Lee, G.H. Ha, B.K. Kim, Synthesis of Cu-Al2O3 nano composite powder, 
Scr. Mater. 44 (2001) 2137–2140. 
[105] K. Wieczorek-Ciurowa, D. Oleszak, K. Gamrat, Mechanosynthesis and process 
characterization of some nanostructured intermetallics–ceramics composites, J. 
Alloys Compd. 434–435 (2007) 501–504. 
[106] H. Arami,  a. Simchi, Reactive milling synthesis of nanocrystalline Al-
Cu/Al2O3 nanocomposite, Mater. Sci. Eng. A. 464 (2007) 225–232. 
[107] F. Shehata, A. Fathy, M. Abdelhameed, S.F. Moustafa, Preparation and 
properties of Al2O3 nanoparticle reinforced copper matrix composites by in situ 
processing, Mater. Des. 30 (2009) 2756–2762. 
[108] D. Ying, D. Zhang, Processing of Cu–Al2O3 metal matrix nanocomposite 
materials by using high energy ball milling, Mater. Sci. Eng. A. 286 (2000) 
152–156. 
[109] T. Venugopal, K. Prasad Rao, B.S. Murty, Synthesis of copper-alumina 
nanocomposite by reactive milling, Mater. Sci. Eng. A. 393 (2005) 382–386. 
[110] S.J. Hwang, Jin-hyung Leee, Mechanochemical synthesis of Cu–Al2O3 
nanocomposites, Mater. Sci. Eng. A. 405 (2005) 140–146. 
[111] A. Michalski, J. Jaroszewicz, M. Rosiński, D. Siemiaszko, Nanocrystalline Cu-
Al2O3 Composites Sintered by the Pulse Plasma Technique, Solid State 
Phenom. 114 (2006) 227–232. 
[112] V. Rajkovi, O. Eri, D. Boži, M. Mitkov, E. Romhanji, N. Sciences, V.P.O. Box, 
Characterization of Dispersion Strengthened Copper with 3wt % Al2O3 by 
Mechanical Alloying, Sci. Sinter. 36 (2004) 205–211. 
[113] V. Rajkovic, D. Bozic, M. Jovanovic, Characteristics of Cu-Al2O3 composites 
of various starting particle size obtained by high-energy milling, J. Serbian 
Chem. Soc. 74 (2009) 595–605. 
[114] V. Rajkovic, D. Bozic, M.T. Jovanovic, Effects of copper and Al2O3 particles 
on characteristics of Cu-Al2O3 composites, Mater. Des. 31 (2010) 1962–1970. 
[115] S. Nachum, N.A. Fleck, M.F. Ashby, A. Colella, P. Matteazzi, The 
microstructural basis for the mechanical properties and electrical resistivity of 
nanocrystalline Cu-Al2O3, Mater. Sci. Eng. A. 527 (2010) 5065–5071. 
[116] S.J. Hwang, D. Wexler, A. Calka, Mechanochemical synthesis of 
nanocrystalline Al2O3 dispersed copper, J. Mater. Sci. 39 (2004) 4659–4662. 
[117] K. Dash, B.C. Ray, D. Chaira, Synthesis and characterization of copper–
 
255 | P a g e  
 
alumina metal matrix composite by conventional and spark plasma sintering, J. 
Alloys Compd. 516 (2012) 78–84. 
[118] K. Dash, Processing and characterization of Cu-Al2O3 and Al-Al2O3 
composites: an evaluation for micro- and nano- particulate reinforcements, 
National Institute of Technology, Rourkela, 2014. 
[119] K. Dash, D. Chaira, B.C. Ray, Microstructural evolution and sliding wear 
studies of copper-alumina micro- and nano-composites fabricated by spark 
plasma sintering, J. Mech. Behav. Mater. 24 (2015) 25–34. 
[120] Y. Xiao, S. Liu, X. Qu, Y. Jiang, Influence of Ag Impurity Doping on the 
Microstructure and Hardness of Alumina Dispersion Strengthened Copper 
Alloys, Procedia Eng. 27 (2012) 880–886. 
[121] L.U. Ogbuji, The Oxidation Behavior of an ODS Copper Alloy Cu-Al2O3, 
Oxid. Met. 62 (2004) 141–151. 
[122] Guanghong Zhou, Hongyan Ding, Yue Zhang, David Hui, Aihui Liu, Fretting 
behavior of nano-Al2O3 reinforced copper matrix composites prepared by 
coprecipitation, Assoc. Metall. Eng. Serbia AMES. 15 (2009) 169–179. 
[123] Biljana Bobić, Nikola Bajić, Milan T. Jovanović, Ilija Bobić, Microstructure 
and mechanical properties of Zn25Al3Cu based composites with large Al2O3 
particles at room and elevated temperatures, Assoc. Metall. Eng. Serbia AMES. 
15 (2009) 245–255. 
[124] X. Xiao-feng;, S. Ke-xing;, Lu Rui-hua;, G. Xiu-hua, Electrical Sliding Wear 
Behavior of Al2O3/Cu Composite Prepared by Internal Oxidation, China Acad. 
J. 28 (2008). 
[125] M. Kora, Ž. Kamberovi, Z. An, M. Filipovi, Sintered Materials Based on 
Copper and Alumina Powders Synthesized by a Novel Method, in: Dr. John 
Cuppoletti (Ed.) (Ed.), Nanocomposites Polym. with Anal. Methods, InTech, 
2011: pp. 181–198. 
[126] Z. Hussain, L.C. Kit, Properties and spot welding behaviour of copper-alumina 
composites through ball milling and mechanical alloying, Mater. Des. 29 (2008) 
1311–1315. 
[127] Sujata Panda, A study on deformation behaviour of Cu- Al2O3 metal matrix 
composite with the variation of size and volume fraction of reinforcement 
particle, Institute Of Technology, Rourkela, 2012. 
[128] K. Wieczorek-Ciurowa, D. Oleszak, K. Gamrat, Mechanochemical Synthesis 
of Cu-Al/Al2O3 Composite in CuO-Al System Under Different Conditions, 
Chem. Sustain. Dev. 15 (2007) 255–258. 
[129] S.M. Umbrajkar, M. Schoenitz, E.L. Dreizin, Exothermic reactions in Al-CuO 
nanocomposites, Thermochim. Acta. 451 (2006) 34–43. 
[130] X. Wang, S. Liang, P. Yang, Z. Fan, Effect of Al2O3 particle size on vacuum 
breakdown behavior of Al2O3/Cu composite, Vacuum. 83 (2009) 1475–1480. 
[131] X. Wang, S. Liang, P. Yang, Z. Fan, Effect of milling time on electrical 
breakdown behavior of Al2O3/Cu composite, J. Mater. Eng. Perform. 19 (2010) 
906–911. 
[132] A. Fathy, F. Shehata, M. Abdelhameed, M. Elmahdy, Compressive and wear 
 
256 | P a g e  
 
resistance of nanometric alumina reinforced copper matrix composites, Mater. 
Des. 36 (2012) 100–107. 
[133] F. Shehata, M. Abdelhameed, A. Fathy, S.F. Moustafa, Fabrication of Copper-
Alumina Nanocomposites by Mechanochemical Routes, J. Nano Res. 6 (2009) 
51–60. 
[134] V. Rajkovic, D. Bozic, M. Popovic, M.T. Jovanovic, The influence of powder 
particle size on properties of Cu-Al 2O3 composites, Sci. Sinter. 41 (2009) 185–
192. 
[135] F. Ren, A. Zhi, D. Zhang, B. Tian, A.A. Volinsky, X. Shen, Preparation of Cu-
Al2O3 bulk nano-composites by combining Cu-Al alloy sheets internal 
oxidation with hot extrusion, J. Alloys Compd. 633 (2015) 323–328. 
[136] I. Altinsoy, G.F.C. Efe, T. Yener, M. Ipek, S. Zeytin, C. Bindal, Effect of copper 
particle size on properties of Cu-Al2O3 composites, in: ECCM15-15th Eur. 
Conf. Compos. Mater., Venice, Italy, 2012: pp. 1–8. 
[137] X. Zhang, C. Lin, S. Cui, Z. Li, Characteristics of Nano-alumina Particles 
Dispersion Strengthened Copper Fabricated by Reaction Synthesis, Rare Met. 
Mater. Eng. 45 (2016) 893–896. 
[138] Z. Shi, M. Yan, The preparation of Al 2 O 3 – Cu composite by internal 
oxidation, Appl. Surf. Sci. 134 (1998) 1998–2001. 
[139] T.W. Chou,  a. Kelly,  a. Okura, Fibre-reinforced metal-matrix composites, 
Composites. 16 (1985) 187–206. 
[140] A. Ureña, J. Rams, M. Campo, M. Sánchez, Effect of reinforcement coatings 
on the dry sliding wear behaviour of aluminium/SiC particles/carbon fibres 
hybrid composites, Wear. 266 (2009) 1128–1136. 
[141] K.H. Oh, K.S. Han, Short-fiber/particle hybrid reinforcement: Effects on 
fracture toughness and fatigue crack growth of metal matrix composites, 
Compos. Sci. Technol. 67 (2007) 1719–1726. 
[142] M. Gui, S.B. Kang, Aluminum hybrid composite coatings containing SiC and 
graphite particles by plasma spraying, Mater. Lett. 51 (2001) 396–401. 
[143] T. Shalu, E. Abhilash, M.A. Joseph, Development and characterization of liquid 
carbon fibre reinforced aluminium matrix composite, J. Mater. Process. 
Technol. 209 (2009) 4809–4813. 
[144] G. Lalet, H. Kurita, T. Miyazaki, A. Kawasaki, J.F. Silvain, Microstructure of 
a carbon fiber-reinforced aluminum matrix composite fabricated by spark 
plasma sintering in various pulse conditions, J. Mater. Sci. 49 (2014) 3268–
3275. 
[145] Ahmed Yussef Mosbah, Sintering , microstructure and properties of WC- FeAl 
composite materials, University of Wollongong, 2001. 
[146] ImageJ, version 1.60, U.S. National Institutes of Health, open source free 
software, available online at https://imagej.nih.gov/ij/, (2008). 
[147] B.E. Warren, X-ray studies of deformed metals, Prog. Met. Phys. 8 (1959) 147–
202. 
[148] GCB-Scientific-Equipment, XRD software: automated software, Licensed to 
 
257 | P a g e  
 
University of Wollongong-Australia, (2002). 
[149] JCPDS--International Centre for Diffraction Data., Powder diffraction., 
International Centre for Diffraction Data, n.d. 
[150] T.G. Fawcett, S.N. Kabbekodu, J. Faber, F. Needham, F. McClune, Evaluating 
experimental methods and techniques in X-ray diffraction using 280 000 data 
sets in the Powder Diffraction File, Powder Diffr. 19 (2004) 20–25. 
[151] V.D. Vd Mote, Y. Purushotham, B.N.B. Dole, Williamson-Hall analysis in 
estimation of lattice strain in nanometer-sized ZnO particles, J. Theor. Appl. 
Phys. 6 (2012) 6. 
[152] S. Brandstetter, P.M. Derlet, S. Van Petegem, H. Van Swygenhoven, 
Williamson-Hall anisotropy in nanocrystalline metals: X-ray diffraction 
experiments and atomistic simulations, Acta Mater. 56 (2008) 165–176. 
[153] G.. Williamson, W.. Hall, X-ray line broadening from filed aluminium and 
wolfram, Acta Metall. 1 (1953) 22–31. 
[154] JOEL, High Performance SEM for Nanoscience, Analysis. (n.d.). 
[155] Oxford Instruments Analytical Ltd, X-Max Large area SDD analytical detector, 
Size It Matters. (2008) 12. 
[156] ASTM B962 - 15 Standard Test Methods for Density of Compacted or Sintered 
Powder Metallurgy (PM) Products Using Archimedes’ Principle, ASTM 
International, West Conshohocken, PA, 2015. 
[157] AS 1774.5:2014 Refractories and refractory materials - Physical test methods - 
Determination of bulk density, apparent porosity and true porosity (ISO 
5017:2013, MOD), Standards Australia, n.d. 
[158] F. flow with D. Struers, Faster Flow, Struers. (2008) 6. 
[159] ASTM, ASTM E92 Standard test methods for Vickers hardness of metallic 
materials, 1997. 
[160] ASTM E9-89a, Standard Test Methods of Compression Testing of Metallic 
Materials at Room Temperature, ASTM International, West Conshohocken, 
PA, 2000. 
[161] P. Katiyar, Processing, microstructural and mechanical characterization of 
mechanically alloyed Al-Al2O3 nanocomposites, University of Central Florida 
Orlando, Florida, 2004. 
[162] S.W. Wai, Rapid assessment of paint coatings by micro and nano indentation 
methods Rapid assessment of paint coatings by micro and nano indentation 
methods, University of Wollongong, 2013. 
[163] W.C. Oliver, G.M. Pharr, W. C. Oliver, G. M. Phar, Measurement of hardness 
and elastic modulus by instrumented indentation: Advances in understanding 
and refinements to methodology, J. Mater. Res. 19 (2003) 1–18. 
[164] J. Hay, Introduction to instrumented indentation testing, Exp. Tech. (2009). 
[165] W.C. Oliver, G.M. Pharr, An improved technique for determining hardness and 
elastic modulus using load and displacement sensing indentation experiments, 
J. Mater. Res. 7 (1992) 1564–1583. 
 
258 | P a g e  
 
[166] A. International, W. Conshohocken, PA, ASTM G132 - 96(2013) Standard Test 
Method for Pin Abrasion Testing, PA, 2013. 
[167] X. Liqun, Abrasive Wear of Ferrous Alloys, University of Wollongong, 1990. 
[168] R. Blickensderfer, G. Laird III, A pinion–drum abrasive wear test and 
comparison to other pin tests, J. Test. Eval. 16 (1988) 516–526. 
[169] S. Kondo, K. Tateishi, N. Ishizawa, Structural evolution of corundum at high 
temperatures, Jpn. J. Appl. Phys. 47 (2008) 616–619. 
[170] N. Ishizawa, T. Miyata, I. Minato, F. Marumo, S. Iwai, A structural 
investigation of α-Al 2 O 3 at 2170 K, Acta Crystallogr. Sect. B Struct. 
Crystallogr. Cryst. Chem. 36 (1980) 228–230. 
[171] M.H. Sohi, S.M.H. Hojjatzadeh, S.S. Moosavifar, S. Heshmati-Manesh, Liquid 
phase surface melting of AA8011 aluminum alloy by addition of Al/Al2O3 
nano-composite powders synthesized by high-energy milling, Appl. Surf. Sci. 
313 (2014) 76–84. 
[172] S. Sivasankaran, K. Sivaprasad, R. Narayanasamy, P. V. Satyanarayana, X-ray 
peak broadening analysis of AA 6061100-x-x wt.% Al 2O3 nanocomposite 
prepared by mechanical alloying, Mater. Charact. 62 (2011) 661–672. 
[173] M. Rahimian, N. Ehsani, N. Parvin, H. reza Baharvandi, The effect of particle 
size, sintering temperature and sintering time on the properties of Al-Al2O3 
composites, made by powder metallurgy, J. Mater. Process. Technol. 209 
(2009) 5387–5393. 
[174] M. Rahimian, N. Parvin, N. Ehsani, The effect of production parameters on 
microstructure and wear resistance of powder metallurgy Al–Al2O3 composite, 
Mater. Des. 32 (2011) 1031–1038. 
[175] A. Daoud, W. Reif, Influence of Al2O3 particulate on the aging response of 
A356 Al-based composites, J. Mater. Process. Technol. 123 (2002) 313–318. 
[176] P. D. Desal, H. M. James, C. Y. Ho, Electrical resistivity of Aluminum and 
Maganese, J. Phys. 13 (1984) 1131–1172. 
[177] B. Dikici, M. Gavgali, The effect of sintering time on synthesis of in situ 
submicron α-Al2O3 particles by the exothermic reactions of CuO particles in 
molten pure Al, J. Alloys Compd. 551 (2013) 101–107. 
[178] Q.B. Nguyen, K.S. Tun, J. Chan, R. Kwok, J.V.M. Kuma, M. Gupta, Enhancing 
strength and hardness of AZ31B through simultaneous addition of nickel and 
nano-Al2O3 particulates, Mater. Sci. Eng. A. 528 (2011) 888–894. 
[179] J. Rodríguez, M.A. Garrido-Maneiro, P. Poza, M.T. Gómez-del Río, 
Determination of mechanical properties of aluminium matrix composites 
constituents, Mater. Sci. Eng. A. 437 (2006) 406–412. 
[180] M. Kouzeli, L. Weber, C. San Marchi, A. Mortensen, Corrigendum on the 
tensile behaviour of infiltrated alumina particle reinforced aluminium 
composites, Acta Mater. 51 (2003) 6493–6496. 
[181] M. Kouzeli, A. Mortensen, Size dependent strengthening in particle reinforced 
aluminium, Acta Mater. 50 (2002) 39–51. 
[182] A. Ahmed, Mechanical Behaviour of Nanometric-scale and Micrometric- scale 
 
259 | P a g e  
 
SiC Particulate Reinforced Al 7075 Matrix Composites By, The University of 
New South Wales, 2010. 
[183] A. Nassef, M. El-Hadek, Mechanics of hot pressed aluminum composites, Int. 
J. Adv. Manuf. Technol. 76 (2014) 1905–1912. 
[184] N. Axén, S. Hogmark, S. Jacobson, Friction and Wear Measurement 
Techniques, Mod. Tribol. Handb. 1 (2000) 493–510. 
[185] G.B. Veeresh Kumar, C.S.P. Rao, N. Selvaraj, Mechanical and Tribological 
Behavior of Particulate Reinforced Aluminum Metal Matrix Composites – a 
review, J. Miner. Mater. Charact. Eng. 10 (2011) 59–91. 
[186] R. Agarwal, A. Mohan, S. Mohan, R.K. Gautam, Synthesis and characterization 
of Al/Al3 Fe nanocomposite for tribological applications, J. Tribol. 136 (2013) 
1–9. 
[187] R.L. Deuis, C. Subramanian, J.M. Yellup, Abrasive wear of aluminium 
composites-a review, Wear. 201 (1996) 132–144. 
[188] V. Biju, N. Sugathan, V. Vrinda, S.L. Salini, Estimation of lattice strain in 
nanocrystalline silver from X-ray diffraction line broadening, J. Mater. Sci. 43 
(2008) 1175–1179. 
[189] J. Nie, C. Jia, N. Shi, Y. Zhang, Y. Li, X. Jia, Aluminum matrix composites 
reinforced by molybdenum-coated carbon nanotubes, Int. J. Miner. Metall. 
Mater. 18 (2011) 695–702. 
[190] J. Nie, C. Jia, N. Shi, Y. Zhang, Y. Li, X. Jia, Aluminum matrix composites 
reinforced by molybdenum-coated carbon nanotubes, Int. J. Miner. Metall. 
Mater. 18 (2011) 695–702. 
[191] E. Akbarzadeh, J.A. Picas, M. Teresa Baile, Microstructure and properties of 
aluminum silicon/short fibre carbon composites fabricated by semi-solid 
thixomixing, Mater. Des. 88 (2015) 683–692. 
[192] E. Akbarzadeh, J.A. Picas, M.T. Baile, Orthogonal experimental design applied 
for wear characterization of aluminum/C sf metal composite fabricated by the 
thixomixing method, Int. J. Mater. Form. 9 (2016) 601–612. 
[193] M.E. Amestoy, F.F. Mateu, L. Froyen, Fabrication and tribological properties 
of Al reinforced with carbon fibres, Rev. Metal. (2000) 375–384. 
[194] A. Vencl, A. Rac, I. Bobić, Tribological behaviour of Al-based MMCs and their 
application in automotive industry, Tribol. Ind. 26 (2004) 31–38. 
[195] A.P. Sannino, H.J. Rack, Dry sliding wear of discontinuously reinforced 
aluminum composites: review and discussion, Wear. 189 (1995) 1–19. 
[196] L. Liu, W. Li, Y. Tang, B. Shen, W. Hu, Friction and wear properties of short 
carbon fiber reinforced aluminum matrix composites, Wear. 266 (2009) 733–
738. 
[197] S. Sheibani, S. Heshmati-Manesh, A. Ataie, Influence of Al2O3 nanoparticles 
on solubility extension of Cr in Cu by mechanical alloying, Acta Mater. 58 
(2010) 6828–6834. 
[198] V. Rajkovic, D. Bozic, J. Stasic, H. Wang, M.T. Jovanovic, Processing, 
characterization and properties of copper-based composites strengthened by 
 
260 | P a g e  
 
low amount of alumina particles, Powder Technol. 268 (2014) 392–400. 
[199] Y. Tang, H. Liu, H. Zhao, L. Liu, Y. Wu, Friction and wear properties of copper 
matrix composites reinforced with short carbon fibers, Mater. Des. 29 (2008) 
257–261. 
[200] William F. Hosford, Mechanical behavior of materials, Cambridge University 




261 | P a g e  
 
Appendix A Struers Durascan system and UMIS system at UOW 
 
 
A-1. The Vickers microhardness device, Struers Durascan system at UOW-




A-2. The Ultra Micro Indentation System (UMIS 2000 system) at UOW, 





Controlling PC system 
Optical Microscope  
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Appendix B Application of mechanical alloying   
Mechanical alloying (MA) via ball milling is a pioneer process for fabricating of a 
wide variety of alloys and compounds include high thermal stability amorphous alloys, 
nanocrystalline, and nanocomposite materials at room temperature. The flow chart 
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Appendix C Cold welding in Uniball mill  
The photos below shows how the stearic acid affected the milling in the 
magnetic control Uniball mill during milling and mixing of Al and Cu 
based composite powders. Powder particles had adhered and cold-welded 
to the surfaces of balls and the milling vials and most powder is lost 








Figure C-2 Uniball mill with a stearic acid.   
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Appendix D Materials used as process control agent (PCA) 
Table D-1. List of the PCAs and surfactants that are typically used in mechanical 
alloying and milling, as reported by many researchers. All these PCAs are used in 
mechanical alloying and milling with less than 4 wt. % to achieve fine particle 
dispersions and reduced cold welding effects, or as a source of specific phases in 
mechanochemical reaction during high energy milling [49].  
 
Process control agent (PCA) Chemical formula 
Benzene C6H6 
C wax H76C37N2CO2 
Didodecyl dimethyl ammonium acetate (DDAA) C28H59NO2 
Dihexadecyl dimethyl ammonium acetate (DDHAA) C36H75NO2 
Dodecane CH3(CH2)10CH3 
Ethanol C2H5OH 
Ethyl acetate CH3CO2C2H5 








Polyethylene glycol H(OCH2CH2)NOH 
Silicon grease [R2SiO]n /R is organic group 
Sodium chloride NaCl 
Sodium-1,2-bis(dodecyl carbonyl)ethane-1-sulfonate H31O4C17NaSO3 
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Appendix E Properties of reinforcement materials used in MMCs  
 
Table E-1 Typical reinforcement materials used to fabricate MMCs [3]. 
 
Type Aspect ratio Diameter Examples 
Particle 1-4 1-25  µm SiC, Al2O3, BN, B4C, WC, TiC 
Short fibres or 
Whiskers 
10-10,000 1-5 µm 
C, SiC, Al2O3, Al2O3+SiO2, 
TiB2, vapour-grown carbon 
fibres,  
Continuous fibres >1,000 
3-150 
µm 
C, SiC, Al2O3, B, W, Nb-Ti, 
Nb3Sn, Al2O3+SiO2, Si3N4 
Nanoparticles 1-4 <100 nm C, SiC, Al2O3 
Nanotube >1,000 <100 nm C 
 
 
Table E-2 Characteristics of ceramic particles used to fabricate MMCs [3]. 
 
 Type Size [µm] Density [g cm-3] UTS [GPa] E [GPa] 
Graphite 40-250 1.6-2.2 20 910 
SiC 15-340 3.2 3 480 
SiO2 53 2.3 4.7 70 
TiC 46 4.9 0.26 320-540 
BN 46 2.25 0.8 100-500 
ZrO2 75-180 5.65-6.15 0.14 210 
B4C 40-340 2.5 6.5 480 
Al2O3 40-340 3.79 8 460 
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Appendix F Processing methods of MMCs 
Table F-1 A comparison of various methods for processing MMCs [22]. 
 















1. Homogeneity of mixture is better controlled, 
component is produced in near net shape dimension, 
good ductility, low ball to powder charge ratio 
provides a better blend homogeneity. 
2. Gas atomised Al particles are spherical shape with 
broad size distribution while small satellite particles 
are attached to the large ones. 
3. The most economical method for manufacturing Al 
MMCs, where the segregation and agglomeration of 
the reinforcement particles can be avoided. 
4. High-energy ball milling offers grain size refinement 
and makes the crystals less susceptible to fracture; 
hence nano crystallisation of Al- MMCs has been 
subjected to intensive research in recent years. 
 
1.  In the processing of Al, 
the oxide, and hydroxide 
films coating the powder. 
 
2. Metal powders do not act 
as perfect liquids under 
pressure and a difference in 
pressure is established both 
parallel and perpendicular 








Better matrix–particle bonding, easier control of matrix 
structure, simplicity, low cost of processing, and nearer 
net shape 
 
Extremely difficult for the 
mechanical stirring method 
to distribute and disperse 
nanoscale particles uniformly 
in metal melts due to their 
large surface to volume ratio 

















This method allows the powder particles to be kept in a 
liquid dispersing medium up to the point of particle-
particle contact during consolidation step and it avoids 
problems associated with the formation of hard 
agglomerates when drying slurries 
 
Abnormal grain growth 
occurred in samples 
containing larger particles, 
because the number of 
particles decreases as the 
particle size increases. This 
reduces the potential for 
grain boundary pinning 

















1. The phase of this powder is more uniform, surface 
bonding between metal and ceramic was enhanced, 
and the green density improved. 
2. Cost effective process for preparing high quality 
















1. To form ultrafine-grained structure in Al. 
2. To produce a fine-grained microstructure with super 
plasticity. 
3. To homogenise the microstructure of nanocomposite 
Al alloys. 
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Table F-2 A comparison of various processing parameters and properties of various 
processing methods for MMCs [22]. 
 















1. Compaction stress of 74-157 MPa and compaction 
temperature of 723-873 K applied for 4-3 hours, 
followed by hot extrusion. 
2. Aluminum powder was mixed with different 
volume fraction (1–7 vol. %) of Al2O3 powder and 
sintering was done at 620 °C for 2 hours. 
3. The Al powder was blended with 5 vol. % Al2O3 
and 1.5 wt. % PCA (Stearic acid powder) in a 
Turbula T2C mixer. 
4. Nitrogen gas atomized Al powder with mean 
particle diameter of 49 μm, α- Al2O3 nanoparticles 
with average size of 35 nm, and stearic acid were 
used as the starting materials. 
5. To prevent powder oxidation, the powders were 
sealed in stainless steel vial under an argon 
atmosphere during ball milling. The weight ratio 
of ball to powder was 4:1. Milling of the mixed 
powders was conducted for 1–8 h. 
6. Milling has been carried out at 300 rpm using a 
toluene medium in order to avoid oxidation or 
sticking of powders on the wall of the vial. 
7. Gas atomized aluminum alloy powders with a 
mesh size of −100μm was mixed with volume 
fractions of 5, and 15 % commercially available 
SiC and Al2O3 powders. The milling time was 
varied from 10 min to 6 or 8 h. 
8. Commercial aluminum powders with particle size 
smaller than 63 μm and nano-sized α-alumina 
powder with %99.5 purity and average size of 
about 27-43 nm have been provided. 
9. Commercial purity Al powder as a monolithic 
system and a mixture of Al–20 wt. % Al2O3 
powder were separately milled in a P5 planetary 
mill for various periods of time up to 25 h. 
10. A mixture of commercial aluminum (99.7% 
purity and particle size of 50–70μm) and 15.8 wt. 
% ZnO powders (99.9% purity and particle size of 
250 nm) was milled in planetary ball mill in order 
to produce Al–13.8 wt. % Zn/5 vol. % Al2O3 
nanocomposite. 
11. The primary materials air atomized commercial 
pure aluminum powder with a mean particle size of 
45 μm and spherical pure α-Al2O3 powders with 
average particle sizes of 35 nm (Nanostructured 
&Amorphous Materials, Inc) and 0.3 μm 
(AMPCO). 
12. The base material used in the present 
experimental investigation is Aluminium 6063(Al-
6063), whose nominal chemical composition 
(wt.%), purity and mesh size of the pure elemental 
powders. 
13. A high purity aluminum powder (Aldrich, no.: 
518573, flakes, particle size: 1mm) was separately 
mixed with 1, 3 and 7 vol. % of MR70 Al2O3 (D50 
≈500 nm) and Al2O3 nanopowder. 
14. Air atomized Al powder of technical purity 
(99.8%) was supplied by the company New 
materials development G.m.bH. Nominal diameters 
d10 = 0.66μm, d50 = 1.31μm, and d90 = 2.51μm 




1. Strength improvement of 64 to 100% compared to 
the matrix material, considerable ductility, main 
fracture mechanism in Al-Al2O3 MMC is the ductile 
mode of void initiation, growth, and coalescence, 
2. The strengths of composites increased with the 
4vol. % of particulate. 
3. The bulk density of composite powders was found 
to be higher than that of unreinforced Al, longer 
milling time was found necessary to achieve steady-
state condition compared to microcomposite 
powder. 
4. The compressibility of the blended and milled 
aluminium / nanometric Al2O3 particles exhibit the 
same features, the addition of hard nanoparticle 
aluminium powder by mixing improves the 
densification capacity. 
5. The flexural strength of the sintered specimen (1.2 
GPa) using 8 h milled powder was about four times 
as the sintered specimen (300 MPa) using as-mixed 
powder. 
6. An addition of the ceramic reinforcement such as 
Al2O3 particles improves the wear resistance of the 
composite. 
7. Higher hardness is obtained when the size of the 
reinforcement is small and its volume fraction is 
high. HEM process decreased the crystallite size of 
the aluminium matrix to about 45 nm. 
8. Strength and hardness were increased by creasing 
of milling time but the elongation was almost 
constant, the uniform distribution of ultrafine 
alumina particles inhibits stress concentration and 
crack growth. 
9. The effect of the nanostructured Al matrix, the 
presence of submicron alumina particles & 
nanometric particles caused by decomposition of 
PCA increase the hardness of powder up to 180 HV. 
10. The produced nanocomposite had a good thermal 
stability at temperatures below 400 ◦C. 
11. The Al2O3/Al nanocomposite powders hardness is 
near five times higher than pure unmilled Al. A 
decrease in the Al2O3 particle size from 400 to 4 nm 
has increased the nanocomposite powder hardness 
of 11%. 
12. For samples having the nanoparticles more than 4 
wt. %, a decrease in the strengths was observed, 
attributed to the agglomeration of the nanoparticles 
and the formation of a continuous brittle phase 
along grain boundaries. 
13. Addition of ceramic nano particles into the 
aluminium matrix sustains the crystallite size 
reduction and better particle size distribution. 
14. Pressability of nanocomposite powders decreases 
as the particle size of reinforcement phase decreases 
or its volume fraction increases. 
15. On top of it, continuous Al2O3 skeleton within Al 
matrix led to superior mechanical properties and 
creep performance of forged compacts at elevated 
temperatures up to 400 °C. 
 









1. In this study, A356 aluminium alloy {(wt. %): 7.5 
Si, 0.38 Mg, 0.02 Zn, 0.001 Cu, 0.106 Fe and Al 
(balance)} was used as the matrix material (16 μm) 
while nano-Al2O3 particles with average particle 
size of 50 nm was used as the reinforcements, 
Al/Al2O3 = 1.67, the crucible temperature up to 800 
°C. 
2. Micron sized (average size ~75 mm) Al2O3 powder 
(Loba Chemie) was ball milled for 22 h to produce 
nanosize (average size ~ 10 nm) Al2O3 dispersoids 
in a high energy Fritsch Pulverisette- 5 planetary 
ball mill with WC grinding media. 
3. Aluminium 356 alloy ((wt%): 7.5 Si, 0.38 Mg, 0.02 
Zn, 0.001 Cu, 0.106 Fe, and Al (balance)) was 
selected as the matrix and a mixture of nano-Al2O3 
((wt. %): 93 α-Al2O3, 0.8 Fe2O3, 1.8 TiO2, 1.1 CaO, 
and 0.2 other magnetic materials) and aluminium 
particles with average particle sizes of 50 nm and 
16 mm, respectively, was used as the reinforcement 
 
 
1. Porosity level increased slightly with increasing 
particulate content, the yield strength, UTS and 
ductility of nano-Al2O3 reinforced aluminium 
composites improved with the increase in volume 
fraction of nanoparticles, the maximum hardness 
was observed in composite including 2.5 vol. % 
Al2O3 and cast at 800 °C. 
2. Nearly 92 % increase in the hardness and ~57 % 
increase in the tensile yield strength as compared to 
those of the commercially pure Al, cast by the non-
contact ultrasonic casting method with 1.4 % Al2O3 
dispersoids. 
3. The addition of nanoparticles resulted in significant 
improvements in both compressive and tensile flow 
stress, at 2.5 and 1.5 vol. % of Al2O3 nanoparticles, 
respectively. Porosity level increased slightly with 
increasing particulate content at both casting 

















1. Pressureless sintering of the samples was carried 
out in a vacuum furnace (Lenton Thermal Designs 
Ltd,UK ), backfilled with argon above 1000 °C. 
 
2. A powder mixture of Al2O3 (AKP 30, Sumitomo, 
Japan; mean particle size 0.4 mm) and 4.1 wt. % 
SiC (UF 25, H.C. Starck, Germany; mean particle 
size 0.45 mm; 2.5 wt. % oxygen) was milled in 
water for 1.5 h with Si3N4 balls. The aqueous 
suspension had a solid loading of 40 vol. %, and 
contained a dispersant (Dolapix PC 21; 0.35 wt. % 
with respect to the Al2O3 and SiC contents) 
 
 
1. Pressureless sintering at 1900°C gave near fully 
dense -99 % theoretical density -nanocomposites. 
 
2. The hardness is strongly dependent on the density, 
and in the range 17.0–18.5 GPa when the material 
was sintered at 1780 °C, The indentation fracture 
toughness was 2.3– 2.4 MPa m1/2 and did not 
depend on density, matrix grain size or 
















1. Al2O3 coated Al nanocomposite powders were 
prepared by using commercial nanometer Al 
powders (particle size 80–100 nm, purity 99 %), 
aluminium nitrate (purity of 99 %) and ammonia 
and pressureless sintered at 1450 °C for 2 h. 
 
2. The nano-size aluminum with purity of 99% used 
in this work was provided by Jiyuan Nano-
Technology Corporation (Henan, China). The 
nano-size aluminum particles have ball appearance 
approximately with an average grain size about 100 
nm. 
 
1. A uniform thin Al(OH)3 layer surrounding Al 
particles, which after calcined at 1000 °C for 2 h, 
transforms to α- Al2O3 with mean size about 20 nm 
resulting in well dispersed Al2O3–Al composite 
powder, composite particles have spherical shape 
with a size about 130 nm and the coating α- Al2O3 
powder has a size of about 20 nm. 
 
2. Nanosize aluminium additives can form Al2O3 
seeds and liquid phase at the grain boundary 
enhancing the anisotropic growth and the formation 
of plate-like α Al2O3 grains also reducing formation 
















An A6082 commercial Al–Mg–Si alloy extruded bar 
was used as the substrate material. Work pieces were 
prepared with a thickness, width, and length of 7, 75, 
and 200 mm, respectively 
 
An increasing in number of FSP passes result in an 
increase in the hardness & wear resistance value of 
SCLs due to more uniform distribution of alumina 
particles and also decreasing the matrix grain size; a 
maximum average micro hardness value of 312 HV 
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Appendix G Calculation the theoretical density  
 
Calculating the theoretical density of composites [6,200] 
The theoretical densities of the multiphase and hybrid of Al and Cu based composites 
were calculated by using the rule of mixture (ROM), which is based on the composite 
density irrespective of how the reinforcement materials are distributed. The volume 
fraction of the composite (Vc) with volume of voids (Vv) in the composite is the sum 
of the matrix volume fraction (Vm) and the reinforcement volume fraction particulate 
(Vp) or fibres (Vf), as expressed Eq. (g.1). 
Vc = Vm + Vp + Vf + Vv                                                                                            (g.1) 
Where V is the volume fraction, and the subscripts c, m, p, f, and v denote to the 
composite, the matrix, the particulates, the fibres, and the voids respectively. 
Supposing the full density composites free of porosity or voids therefore, the Vv = 0, 
and the density of the composite (ρc) will be expressed by Eq. (h.2).  
ρc = ρmVm + ρpVp                                                                                                       (g.2) 
Where ρ is density of material 
 
The standard densities of matrices and reinforcements are:  
Theoretical density of as received Al, ρm = 2.720 g/m
3, (from supplier), (matrix -1) 
Theoretical density of as received Cu, ρm = 8.89 g/m
3, (from supplier), (matrix -2) 
Theoretical density of α-Al2O3, ρp = 3.69 g/m
3
, (From supplier), (reinforcement-1) 
Theoretical density of MCFs, ρf = 1.80 g/m
3
, (From supplier), (reinforcement-2) 
 
Therefore, Table G-1 lists the theoretical densities of Al and Cu based composites 
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Table G-1. The calculated theoretical densities of Al and Cu based composites. 
# Composite 
Vol. % of 
α-Al2O3 




1 Al + 2 % Al2O3 2 0 2.73 
2 Al + 4 % Al2O3 4 0 2.75 
3 Al + 7 % Al2O3 7 0 2.78 
4 Al + 10 % Al2O3 10 0 2.83 
5 Al + 5 % MCFs 0 5 2.64 
6 Al + 10 % MCFs 0 10 2.59 
7 Al + 15 % MCFs 0 15 2.54 
8 Al + 20 % MCFs 0 20 2.48 
9 Al + 5%Al2O3 + 5%MCFs 5 5 2.71 
10 Al + 5%Al2O3 + 10%MCFs 5 10 2.67 
11 Al + 5%Al2O3 + 15%MCFs 5 15 2.62 
12 Al + 5 %Al2O3 + 20%MCFs 5 20 2.58 
13 Cu + 5 % Al2O3 5 0 8.53 
14 Cu + 10 % Al2O3 10 0 8.17 
15 Cu + 15 % Al2O3 15 0 7.79 
16 Cu + 20 % Al2O3 20 0 7.44 
17 Cu + 5 % MCFs 0 5 8.65 
18 Cu + 10 % MCFs 0 10 8.39 
19 Cu + 15 % MCFs 0 15 8.16 
20 Cu + 20 % MCFs 0 20 7.91 
21 Cu + 10%Al2O3 + 5%MCFs 10 5 8.04 
22 Cu + 10%Al2O3 + 10%MCFs 10 10 7.67 
23 Cu + 10%Al2O3 + 15%MCFs 10 15 7.31 
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Appendix H Yield strength of Al-Al2O3 composites 
Table H-1. The Yield strength of Al-Al2O3 composites with different amounts of 
reinforcement phase and particle size as reported in the literature [187-181]. 
 
Composite composition Yield strength (MPa) Type of testing 
Al-(0-7 %)Al2O3 (25 nm) <200 Compression 
Al-(34-60 %)Al2O3 (0.3-50  µm) 356 Compression 
Al6061-(22%)Al2O3 (13.6 µm) 346 Tension 
Al6061-(30%)Al2O3 (10 µm) 204 Tension 
Al6061-(20%)Al2O3 (60 µm) 480 Tension 
Al-(14.7%)Al2O3-(5.3%)TiB2 (0.096-1.88 nm) 232 Tension 
Al-(25%)Al2O3 (0.28 µm) 110 Tension 
Al2014-(20%)Al2O3 (T4) 343 Tension 
Al2014-(20%)Al2O3 (T6) 495 Tension 
Al6061-(20%)Al2O3 (T4) 104 Tension 
Al6061-(20%)Al2O3 (T6) 257 Tension 
Al-(20%)Al2O3 (23 µm) 352 Tension 
Al6061-(10%)Al2O3 (10 µm) 125 Tension 
Al-(11.3%) Al2O3-(8.7%) TiB2  (1.2 µm) 545 Tension 
Al-(13.1%) Al2O3-(5.3%) TiB2  (1.2 µm) 210 Tension 
Al6061-(10%)Al2O3 (0.3 µm) 198 Tension 
Al6061-(10%)Al2O3 (22 µm) 290 Tension 
Al7005-(10%)Al2O3 (22 µm) 275 Tension 
Al6061-(20%)Al2O3 (20 µm) 326 Tension 
Al2618-(20%)Al2O3 (10 µm) 485 Tension 
 
 
